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ABSTRACT 
The work described in the thesis deals with the studies 
on the sorption behaviour of some heavy metals and their 
removal from river water and wastewater. The thesis consists 
of six chapters. 
Chapter 1 includes the literature survey pertaining to 
the TLC separations and treatment of wastewater. The recent 
work done on TLC of inorganics and wastewater treatment have 
been summarized. References from research papers, reports, 
reviews and conference proceedings are cited and special 
emphasis has been laid to the work which has direct or 
indirect bearing on the studies described in this thesis. It 
is possible that some results of important or remarkable 
studies might have been left unquoted in the introduction 
quite inadvertently yet there was absolutely no intention to 
undermine those works. 
In Chapter 2, the chromatographic behaviour of some 
heavy metal ions has been studied in formic acid - Sodium 
farmate system. A new adsorbent phase has been developed by 
impregnating silica gel with tributylamine, for selective 
separation of metal ions. The experimental conditions for 
reproducible and reliable separation of heavy metals have 
been optimized. Several important binary, ternary and 
11 
quarternary separations have been achieved. The separations 
such as Zn2+-Cd2+, Al3+-Cu2+, V02+-Tl3+, V02+-w6+, Th4+-Zr4+, 
Fe3+-Tl3+, Al3+-Cu2+-Ni2+-Ti4+, Cr3+-Bi3+-Cd2+- Co2+, Zn2+-
Cd2+-Pb2+ and Zn2+-Tl''"-Pb2+ ate very important from 
theoretical as well as analytical point of view. Separation 
of Zn2+ from Cd2+ is of great interest because of close 
resemblence in their chromatographic behaviour. The effect of 
various factors such as: 
* varying molar concentration of aqueous sodium formate 
(0.001-5.0 M). 
* varying molar concentration of aqueous formic acid 
(0.001-20.0 M). 
* percent impregnation of tributyl amine (10-70%) 
* mixed solvent systems containing mixture of 1.0 M formic 
acid and 1.0 M sodium formate. 
* pH of metal solutions and 
* loading amount of metal ions 
were studied on the mobility of metal ions. The lower 
detectability level of some of the metal ions playing an 
important role in water quality has been found. Besides that, 
some TLC parameters for some binary separations have also 
been calculated. Hence the proposed method consisting the 
use of 40-60% TBA impregnated silica gel layers and a mixture 
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of 1.0 M. Sodium formate and 1.0 M formic acid in a 8:2 ratio 
as developer is very reliable and reproducible for achieving 
the separation of a particular cation from others in general. 
It is especially useful if one needs sharper and clearer 
ternary and quarternary separations. It is very reliable 
method for separating Zn^ from Cd2+ over a reasonable pH 
range of sample solutions. 
Chapter-3 of the thesis deals with thin layer 
chromatography in combination with spectrophotometry for the 
separation and estimation of Hg{II) on acid treated silica 
gel layers. Silica gel impregnated with carboxylic and 
mineral acids with different solvents systems in varying 
concentrations has been tried for several binary and ternary 
separations. Th^ "*" from 002^ "*" and Hg^ "'' from Hg2^ '*' have been 
successfully separated which are of great interest from the 
environmental and technical point of view. The effect of 
various factors such as, the presence of common anions in the 
sample solution, pH, and the presence of various 
concentration of interfering ions viz. Hg(I), Pb(II), Cu(II), 
and Ni(II) has been examined. Apart from the qualitative 
separations, the feasibility of the proposed method for the 
determination of Hg^ "*" in environmental samples is worth 
mentioning. Thus the developed method consisting the use of 
silica gel loaded with 2% oxalic or 5% perchloric acid in 
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combination with ethyl acetate:acetone:formic acid:water in 
the ratio of 8:7:4:1 has been found suitable for the 
separation of Th^ "*" from 002^ "*" and Hg2^ "*' from Hg2+ 
respectively. The method may also be recommended for the 
semiquantitative determination of Hg2+ in various samples of 
river water or industrial wastewater without prior detection 
of interfering ions as well as without close control of the 
pH of the sample solution. 
The investigations presented in Chapter 4 describe the 
adsorption technique using alendum for the removal of 
copper(II) from aqueous solutions. Alendum is the waste 
material which is used for the packing purposes in high 
temperature furnaces. The results have also been compared 
with activated charcoal and flyash. Batch operations were 
conducted to determine various parameters affecting the 
removal efficiency such as 
* time of equilibration 
* effect of pH 
* effect of initial concentration of solute and 
* effect of temperature etc. 
To quantify the adsorption capacity of all the three 
adsorbents for the removal of copper(II) from water, the 
Langmuir and Freundlich equations were applied. The probable 
mechanism of copper(II) adsorption at solid solution 
interface and the kinetics of the adsorption process have 
also been worked out. The process has been found to be 
highly pH dependent. The percent adsorption increases with 
the increase in pH and maximum removal took place at pH 6 in 
all cases. This variation may be explained on the basis of 
ion exchange mechanism. 
The low concentration and temperature favour the 
removal of copper(II) by flyash whereas alendum and activated 
charcoal exhibit appreciable results at higher concentration 
of copper also and the percent adsorption remains almost 
constant between 25-40®C. The overall performance of alendum 
as an adsorbent was found superior to that of the activated 
charcoal and flyash. The uptake capacity of these adsorbents 
was found in the order of alendum > activated charcoal > 
flyash. The optimized method was then applied for river water 
sample containing copper and an effective removal was 
achieved. Thus the results of these investigations may be 
quite useful in developing an appropriate technology for 
designing and performance of fixed bed adsorbent for the 
removal of copper(II). This process will be economical and 
easy to handle. 
In Chapter 5, the treatment of electroplating waste 
containing several metal ions by surface phenomenon has been 
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studied. The samples were collected from the discharge 
point of the factory and analysed for various physicochemical 
parameters. The concentration of Crr Ni, Cu and Zn were found 
higher than the effluent guide line viz., 50.8, 10.0, 3.14 
and 56.3 mg/1 respectively. These heavy metal ions have been 
removed from the electroplating waste using iron(III) 
hydroxide as adsorbent. The maximum removal of these metal 
ions {> 90%) occurred between pH 8-9. Removal of sulfate 
(98%) and nitrate anions occurred at pH 4 and 6 respectively. 
The effect of anions has also been studied and it was found 
that anions play a negative role in the adsorption 
phenomenon. The impact of various anions was found to be of 
the the order N03~ < F~ < S0^^~ < 'BO^^" except in the case of 
chromium where it was observed to be of the order NO3*" < 
l?Oj^^~ < F" < S042~. Desorption has been found to increase 
with the increasing anionic concentration. Hence, the method 
proposed is suitable enough for an inplant effluent quality 
control. Further adsorption - desorption phenomenon could be 
easily adopted for the recovery of the metals from the waste 
water which makes the technique worthier in terms of cost 
benefit of the process. 
In the last Chapter 6, the possible utility of saw dust 
has been explored for the treatment of copper containing 
wastewater. Attempts have been made to utilise this 
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inexpensive and abundantly available material for the removal 
of copper(II). The effects of following factors on the 
adsorption process have been studied viz, pretreatment of saw 
dust, time, pH, temperature, dosing, particle size and, 
salinity. The adsorption capacity has been found to be 
increased significantly (81-99%) by treating the saw dust 
with suitable reagent (1.0 N MaOH). The comparative studies 
on the behaviour of chemically treated and untreated saw dust 
have been carried out. The adsorption isotherms and removal 
mechanism for treated as well as untreated saw dust have 
been discussed in detail. The thermodynamic parameters viz. 
AG, A S , and A H have been calculated and described. Thus it 
can be suggested that the saw dust treated with suitable 
reagent may proved to be an excellent adsorbent in water 
quality control. The proposed method was also found to work 
effectively in highly saline medium. Hence, the process can 
be recommended for the treatment of sea water containing 
copper. 
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CHAPTER-1 
Chapter-1 
GENERAL INTRODUCTION 
1.1 Environnental Pollution 
Environmental pollution has been defined as the unfa-
vourable alteration of our surroundings by industrialisation 
or by other human activities [1]. A substance or effect is 
called a pollutant provided it interferes with health, 
comfort, amenities or property values of people. Generally a 
pollutant is introduced into the environment as sewage, 
waste, accidental discharge or as a by-product of 
manufacturing processes. It is also introduced into the 
environment as compounds used to protect plants and animals. 
It is surprising that the substances used to purify air and 
water succeed only in polluting it. Pollution is the result 
of the action or presence of a pollutant in the part of an 
environment where it causes deleterious effect. There is much 
wisdom in the statement of Darling (1970), "Pollution comes 
from getting rid of wastes at the least possible cost". The 
Royal Commission of Environmental Pollution in its fifth 
report has described that pollution occurs when, as a result 
of man's activities, enough of a substance is present in the 
environment to have harmful effects. Many substances which 
can become pollutants are present naturally in the 
environment in lesser amounts and may be beneficial or even 
essential to it. Pollution includes the release into the 
environment of substances which harm the quality of air, 
water or soil; substances which upset the biological cycles 
linking man to animals, bacteria and plants, substances which 
damage the health of men, animals or plants. Pollutants such 
as noise and unpleasant odours which often irritate can also 
sometimes be a danger to health. 
The concept of environment pollution is, however, not 
new [2,3]. Even in the thirties Robert Frost described in his 
poem "New Hampshire" the concern of the "environmentalist" 
and sounded a note of warning which is quite relevant even 
today. "How many times it thundered before Franklin took the 
hint 1 How many apples fell on Newton's head before he took 
the hint 1 Nature is always hinting at us. It hints over and 
over again. And suddenly we take the hint". Indeed, we have 
started to look at the problem seriously only after the 
pollutants and poisons in our air, earth and water piled up 
to the point where they posed a serious threat to human life. 
We are now aware that it is a gigantic task to make up within 
a few years for decades or rather centuries of environmental 
damage and degradation. Environmental pollution is not only 
associated with industrial growth but also with the pressure 
of population on scarce natural resources. Urbanisation 
without town planning is a cause of land pollution. Lack of 
basic civic amenities such as sanitation, water supply, 
housing in urban complex lead to the problem of waste 
disposal. The continuous influx of population from rural 
areas to urban areas has added to this problem. Having 
polluted the land, we started also to pollute the last clean 
place on the globe, namely, the seas and oceans on the 
assumption that the self cleansing abilities of the seas and 
oceans would somehow solve the problem. The oceanographer 
Jacques Cousteau warns us that the floor of the Mediterranean 
is littered with the debris and waste of modern technology. 
Ecologists assert that it is a dying sea. The cost of 
environmental pollution is high relative to socio-economic 
advantages of increased industrialisation. Therefore, it is 
more than high time that we have to tackle the problem of 
environmental pollution on an emergency basis. 
Pollution and pollutants can be classified in various 
ways. Some of the approaches are summarised below: 
I. A Pollutant Based Classification: According to this 
approach, pollutants may be divided into: 
(1) Matter and (2) Energy 
Matter pollutants may be solid, liquid or gas and may further 
be broadly classified as: 
(a) Inorganic pollutants and (Table 1.1) 
(b) Organic pollutants (Table 1.2) 
Energy pollutants may be heat e.g., waste heat in the cooling 
water from a power station, sound e.g., noise and radiation 
e.g., gamma radiation from a source. 
II. A Medium Based Classification: According to this 
approach, pollution is categorised according to the medium of 
dispersal and may be: 
(a) Air Pollution: Atmospheric pollution is due to the 
presence of particulate pollutants (e.g., solid particles or 
liquid suspended in the air causing smoke, mists etc.) and 
due to gaseous pollutants (e.g., carbon monoxide, sulphur 
dioxide, oxides of nitrogen, hydrocarbons etc.). The air 
pollution originates from processes such as evaporation, 
chemical and nuclear reactions, resulting in high 
concentrations of the contaminants in air. The gaseous 
wastes from automobile exhausts and factories chimneys as 
well as primitive forms of heating (e.g. burning coals, 
cowdung cakes) are the major sources of air pollution in big 
cities [4-6]. 
(b) Water Pollution: Water is considered to be polluted when 
its quality degenerates due to sewage, industrial discharge, 
degradation of proteinaceous materials and surface run off 
water from lands treated with chemicals used to protect 
plants. In other words, environment for aquatic life and 
aesthetics are damaged beyond the reasonable limit called the 
tolerance limit. 
(c) Soil Pollution: Land is said to be polluted when the 
quality of soil degenerates due to sewage, industrial waste, 
degradation of proteinaceous materials and chemicals used in 
our agricultural practices. 
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1.2 Heavy Metal Pollution 
Some elements present on the earth's crust viz., H, C, 
N, 0, Na, Mg, P, S, CI, K, Ca constitute 99.9 per cent of all 
living matter. In addition 14 elements, viz., B, F, Si, V, 
Cr, Mn, Fe, Co, Cu, Se, Mo, Sn and I are the essential trace 
elements. The rest of the elements are either not essential 
for growth and development of organisms or their function in 
the biological system has not been established. Iron and 
aluminium which have extensive applications in industry and 
daily life, are also perhaps the major components of the 
earth's crust. Fortunately the ecological consequences of the 
dispersion of these two elements in our living environment 
have not so far posed any serious health problems. On the 
other hand, there are metals like Hg, Pb, Cd, As, Cr, Zn, Cu, 
Mn, Fe, which are neither essential ones nor when present in 
aquatic environment above certain levels may constitute 
contamination. 
Enhanced levels of heavy metals in the aquatic 
environment cause concern because of : 
(i) Possibility of accumulation of these metals in the 
human body and building-up with time to toxic levels, 
(ii) Bio-concentration/accumulation and magnification by 
aquatic organisms, 
(iii) Chronic and sub-lethal effects to organisms at low 
concentrations. 
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(iv) Persistence in the environment with possibilities for 
environmental transformation into more toxic compounds, 
(v) Possible intake through drinking water and aquatic 
food, 
(vi) High sensitivity of children for some of the heavy 
metals, 
(vii) Carcinogenic and teratogenic possibilities of some of 
the heavy metals and their compounds, 
(viii) Phyto-toxicity of heavy metals, 
(ix) Synergestic effect of heavy metals to organisms. 
The available information on metal toxicity, as it 
relates to human beings is derived mostly from health surveys 
among workers engaged in mining and processing of these 
metals. From the point of view of environmental degradation 
cadmium, lead, mercury and chromium have been the source of 
major concern. In the recent past, the outbreak of Itai-Itai 
1 
disease in Japan following the consumption of rice containing 
high levels of cadmium, the Minamata disease caused after 
eating methyl mercury contaminated fish, and lead poisoning 
in children who liked toys painted with lead based paints 
have dramatised the ill-effects of environmental pollution by 
toxic metals. It is obvious that the exposure to toxic 
elements in the work and living environment leads to health 
risks. The crucial problem is therefore, to assess the 
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safety margins from the available epidemiological data and 
from those generated by experimentation. 
The problem of metal intoxication and metallic 
pollution of environment is, however universal and the 
situation in India may be considered very typical of the 
countries which are on the process of development. 
1.3 Sources of Metal Pollution 
The problem arising from toxic metal pollution of the 
environment due to the increasing use of a wide variety of 
heavy metals in industry and in our daily life, have assumed 
serious dimensions. In general, it is possible to distinguish 
between different sources from which metal pollution of the 
environment originates. These sources have been described 
below: 
I. Geological Weathering 
This is the source of baseline or background levels. It 
is to be expected that in areas characterised by metal-
bearing formations, these metals will also occur in elevated 
levels in the water and sediments of the particular areas. 
Obviously mineralized zones, when economically viable, are 
exploited to retrieve and process the ore. This in turn leads 
to disposal of tailings, discharge of effluents and possibly 
smelting operations which result in atmospheric pollution. 
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Arsenic hot springs arising from geothermal activity 
feed the Waikato River of North Island, New Zealand. 
Submerged aquatic plants from this river were found to 
contain a maximum of 650 mg/kg of dry mass as compared to 
arsenic levels below 12 mg/kg in plants, growing in natural 
soils [8]. 
II. Mining Effluents 
The serious effects of mine effluents on the water 
quality in rivers and lakes, as well as on the biotopes, 
particularly on the fish population, have been known for many 
years. One of the very first descriptions of this problem is 
the fifth report of the 1868 River Pollution Commission [9] 
in Britain, where especially grave damage was caused by the 
dispersal of toxic metals from lead, zinc, and arsenic mines 
in mild-wales [10]. 
Mine drainage does not occur only from the mine itself 
but also from waste rock dumps and tailings areas. The 
latter two sources often contain a high concentration of 
sulfides and/or sulfo salts which are associated with most 
ore and coal bodies. 
III. Industrial Effluents 
There are numerous sources of industrial effluents 
leading to heavy metal enrichment of the aquatic 
15 
environment. The classic example is the discharge of the 
catalyst methylated mercury chloride into Minamata Bay from a 
factory manufacturing plastics. 
Chemical and electrochemical methods are employed in 
the metal finishing and allied industries for the purpose of 
protection and/or the decoration of a variety of metal 
surfaces [11]. Most of the processes are followed by rinsing 
operations to remove the excess chemicals and other waste 
material from the treated surface, thus giving rise to 
effluents. Notably, pickling and electroplating give rise to 
high waste metal concentrations. Obviously, most effluent 
from pickling and dipping operations are strongly acidic and 
contain an appreciable amount of dissolved metals. It has 
been estimated that the Dow Chemical chlor-alkali plant at 
Sarnia has discharged 91,000 kg of mercury compounds into the 
St. Clair River System during the period from 1949 to 1972 
[12]. Polish tannery wastes from chrome tanneries have been 
reported to vary between 9-140 mg/1 of chromium [13]. 
The environmental pollution from Cd and Zn discharged 
from a Braun tube (used in T.V. sets) factory in Japan was 
investigated by Asami [14] . A typical example of pollution 
caused by the iron and steel industry is presented by the 
steel works near the Tees Estuary, Scotland. It was found 
that iron and manganese had the highest mean concentration 
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[15], the blast furnaces and the ferro-manganese plant 
respectively being the major contributors. 
Apart from metal containing discharges by 
electroplaters, an inspection of the Table 1.3 reveals that 
the laundries as well as ice-cream and soft drink 
manufacturers also discharge wastes which are rich in copper. 
The textile dyeing and laundry wastes have high chromium 
contents. The bakery waste water contain high levels of 
nickel and the fur dressers and dyers discharges 
exceptionally high concentration of Cu, Cr, Ni, Zn and Cd 
[16]. 
IV. Domestic Effluents 
The domestic waste water constitute the largest single 
source of elevated metal values in rivers and lakes. Solid 
waste water particles may cause metal enrichment of the 
suspended load in the waters. The concentration of copper, 
lead, zinc, cadmium and silver reveal a marked influence of 
domestic effluents in the receiving waters [17]. 
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Table 1.3 Metals in Industrial Waste Waters [16] 
Industry 
Meat processing 
Fat rendering 
Fish processing 
Bakery 
Miscellaneous foods 
Brewery 
Soft drinks and 
flavourings 
Ice cream 
Textile dyeing 
Fur dressing and 
dyeing 
Miscellaneous 
chemicals 
Laundry 
Car wash 
Cu Cr Ni Zn 
150 
220 
240 
150 
350 
410 
2040 
2700 
37 
7040 
160 
1700 
180 
150 
210 
230 
330 
150 
60 
180 
50 
820 
20140 
280 
1220 
140 
70 
280 
140 
430 
110 
40 
220 
110 
250 
740 
100 
100 
190 
460 
3890 
1590 
280 
1100 
470 
2990 
780 
500 
1730 
800 
1750 
920 
Cd 
11 
6 
14 
2 
6 
5 
3 
31 
30 
115 
27 
134 
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The use of detergents also creates a possible pollution 
hazard, since common house-hold detergent products can affect 
the water quality. Angino et al. found that most enzyme 
detergents contained trace amount of the elements Fe, Mn, Cr, 
Ni, Co, Zn, Sr, and Ba [18]. 
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V. Urban Storm Hater Runoff 
With regard to pollution resulting from the urbanized 
areas, there is increasing awareness that urban runoff 
presents a serious problem of heavy metal contamination. 
Heavy rainfall in urban areas is no longer regarded as only a 
downpour of 'rain water' since they often contain shock loads 
of contaminants [19] . A statistical summary revealed that 
urban storm water runoff has long been recognized as a major 
source of pollutants to surface waters [20]. 
The potential contamination may occur during periods of 
storm runoff/ whereby trace elements resulting from 
atmospheric emissions and subsequently deposited on various 
surface material to the nearby drainage system. After 
monitoring heavy metals from two heavily urbanized watershed 
at Lodi, New Jersey. Whipple and Hunter [21] established high 
concentration of lead, zinc and copper after a storm event. 
VI. Atmospheric Sources 
Natural and man made processes have been shown to 
result in metal-containing air-borne particulates. Depending 
on prevailing climatic conditions, these particulates may 
become wind-blown over a great distances, nonetheless they 
are subjected to the fate that they are ultimately returned 
to the lithosphere as precipitations by rain or snowfall. A 
19 
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recent study of Shiomi, has revealed that 15-36% of the Pb 
entering Lake Ontario from the Niagara River was attributable 
to atmospheric precipitations [22], 
1.4 Usage of Metals 
The usage of metals by man goes back to the period 
between 6000 and 5000 BC and are still holding their 
universal commercial value. The modern civilization is now 
dependent on the large scale use of a wide range of metals. 
They are being utilized in a variety of ways in industry, 
agriculture, food processing and household purposes. 
I. Industry : Metals and their salts are used to a very large 
extent in heavy engineering industry and railway. Alloys of 
aluminium, cadmium and copper are used in the manufacture of 
railway wagons, carriages, automobiles, house hold utensils, 
electrical fittings, packages and containers. Iron, 
manganese, nickel, tin, vanadium and zinc, individually or in 
combination, are used in iron and steel industry. Iron is the 
backbone of modern industry. Metallic compounds of chromium, 
lead and zinc find their use in paint and varnish industry, 
petrochemical, battery, printing and textile industry. 
Arsenic is used in dye stuff industry and to extent in drugs 
and pesticides. Compounds of silver and mercury are used in 
photography, pharmaceutical industry and in the manufacture 
of surgical appliances. 
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II. Agriculture: Several metallic compounds like lead 
arsenate, phenyl mercury acetate, arsenic chloride, arsenic 
trioxide, zinc cyanide, thallium sulphate are used in 
agriculture as insecticides, fungicides, herbicides and 
rodenticides. Mercuric chloride is also used as disinfectant 
and for seed dressing. Manganese finds its use in fertilizer 
industry. Manganese dioxide is also added as drier to oil 
seeds. Zinc chloride and manganese dioxide are used in 
forestry as wood preservatives. 
III. Cosmetics : In India, vermilion prepared from lead 
chromate is popular among ladies. Surma which contains lead, 
is used by Indian children and women. Mercuric chloride and 
arsenic are as disinfectant in soaps and several other 
pharmaceutical preparations. Silver-tin amalgam and pure 
silver is used by dental surgeons for filling dental 
cavities. Zinc oxide finds its use in ointments, creams and 
other cosmetics. 
IV. Household Usage: Gold and silver have long been used in 
the making of jewellery. Tin amalgam and silver nitrate are 
used in the manufacture of mirrors. Gold amalgam is used for 
gilding brass buttons. While zinc find extensive use in 
kitchen fittings, nickel-silver (mixture of silver, zinc and 
copper) is used in silver plates table ware, spoons and 
forks. Potassium dichromate is used in dyeing of woolen and 
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silk garments. Lead was extensively used by the human beings 
since ages. The Romans used lead pipes for water supplies 
and harmful effects of the presence of lead in drinking water 
has been actually attributed to the decline of the Roman 
Empire. The use of lead is quite common in India even today. 
V. Food Processing: Nickel is extensively used in food 
handling plants as catalyst in hydrogenation of fats and 
oils. Silver utensils are used for keeping acetic acid, 
vinegar and breweries. Tin cans are being extensively 
utilized for keeping processed food. 
VI. Medicine: Mercury and its salts have been used as 
medicine in ancient India. Mercury was used in 100 A.D. by 
the Arabs who applied it is skin diseases. It was also used 
as cathartic, antiseptic and diuretic. Arsenic was known as a 
therapeutic agent as early as 400 BC. An inorganic arsenic 
compound, known as Fowler's solution has been used for the 
treatment of leukaemia. Compounds of iron, cobalt, calcium, 
sodium and potassium are still used in pharmaceutical 
preparations. 
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1.5 Literature Survey 
1.5.1 Sorption Behaviour of Heavy Metals: Thin-Layer 
Chromatographic Separation 
In 1906, the Russian Botanist Tswett reported 
separating different coloured constituents of leaves by 
passing an extract of the leaves through a column of calcium 
carbonate, alumina and sucrose. He coined the term 
chromatography, from the Greek words meaning "colour" and "to 
write". Tswett's original experiments went virtually 
unnoticed in the literature for decades. Chromatography is a 
separation technique in which a mixture of components is 
applied as a narrow zone to a stationary, porous sorbent and 
the components are caused to undergo differential migration 
by the flow of the mobile phase, a liquid or a gas. 
Adsorption, ion exchange or partition chromatography can be 
done either using column or a thin layers as the stationery 
phase. However, Thin layer chromatography (TLC) is faster, 
simpler and requires a very small amount of the sample. The 
discovery of TLC is ascribed to Izmailov and Schraiber [23] 
who used Thin layers of alumina on glass plates for the 
separation of some medicinal compounds. In 1949, Meinhard 
[24] separated Fe(II) from Zn(II) using a mixture of alumina 
and starch coated on microscope slides. In 1956, Stahl [25] 
developed indigenous devices for TLC and standarised the 
procedures and materials. 
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At early stage, TLC was mainly used for the separation 
of organic compounds. The interest in TLC of inorganic ions 
received a great impetus after the work of Seiler [26-28]. 
The work on TLC of organic and inorganic substances up to 
1972 has been admirably summarized by Brinkman [29] . The work 
done between 1972 and 1980 on inorganic substances has been 
summarized by Kuroda and Volynets [30]. After 1980 upto the 
present time, the work on TLC of metal ions has been selec-
tively described in Table 1.4. 
Chromatographic process can be classified according to 
the type of equilibration process involved, which is governed 
by the type of stationary phase. Various base of 
equilibration are: (a) sorption, (b) solubility, (c) ion 
exchange, and (d) pore penetration. 
Sorption ChroBatography 
The stationary phase is a solid on which the sample 
components are adsorbed. The mobile phase may be a liquid 
(liquid-solid chromatography) or a gas (gas-solid 
chromatography); the components distribute between the two 
phases through a combination of sorption and desorption 
processes. Thin layer chromatography (TLC) is a special 
example of sorption chromatography in which the stationary 
phase is a plane, in the form of a solid supported on an 
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inert plate. The porous solid powder comprised of small 
particles about 5-40 um in diameter. The commonly used phases 
include silica gel, alumina, cellulose, polyamides, and ion 
exchange resins. To promote adhesion and to give better 
mechanical strength to the TLC plate, a binder such as calci-
um sulfate (5 to 10% by weight) is also mixed with the pow-
der. Silica gel which is the most widely used adsorbent is 
prepared by reacting sodium silicate with a mineral acid, 
such as hydrochloric acid. Polymerization occurs and a three 
dimensional array of Si04 tetrahedra results. This polysilic-
ic acid, when dehydrated, forms a stable porous solid, termi-
nated at the surface with either silanol or siloxane bonds. 
The slightly acidic silanol groups are considered to be 
important in separation, siloxane bonds, to have little or no 
influence. The most acidic ones, located on adjacent silicon 
atoms with intramolecular hydrogen bonding, often lead to 
undesirable chromatographic effects, such as chemisorption 
and peak failing. Often a polar modifier, such as water, is 
added to the adsorbent in order to deactivate the strongest 
adsorption sites. 
Interactions between the adsorbent surface and the 
solute can vary from non-specific ones (eg. dispersion or van 
der Waal's forces) to specific ones (electrostatic interac-
tions involving permanent dipoles or electron donar - accep-
tor interactions, such as hydrogen bonding). Retention 
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on silica gel or alumina is governed mainly by interactions 
with the polar functional groups of the solute. 
In TLC, since the supports, such as silica and alumina, 
are chemically more inert, more strongly reactive reagents 
can be used to locate the separated substances. Compounds are 
identified by their Rp values. Sometimes a reference 
substance, chemically similar to the sample, is run 
simultaneously alongside the sample and relative migration 
rates are obtained by comparison 
distance of solute motion 
Rp — 
distance of solvent motion 
Values of Rp are more difficult to reproduce in TLC because 
there are more experimental variables. Rp values are 
influenced by the following factors. 
(i) The nature of the adsorbent (its chemical nature, 
particle size, surface area, and binder). 
(ii) The nature of the mobile phase (its purity, precision 
of mixing, moisture content, and volatility). 
(iii) The activity of the adsorbent and its thickness and 
uniformity. 
(iv) The temperature of the apparatus. 
(v) The amount of sample used. 
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(vi) The vapour-pressure equilibrium between plate and the 
development Chamber atmosphere. 
New volumes of the "CRC Handbook of Chromatography" 
were published in 1986 and 1987 under the senior editorship 
of the late G. Zweig and J. Sherma, the second edition of the 
Dictionary of Chromatography was edited by Denney (31, 32]. 
Recently the basic chromatography nomenclature was discussed 
[33]. A number of books [34-37] and proceedings [38-41] are 
also appearing on the general principles, methods and 
applications of TLC describing its use in pharmaceutical 
[42-44], industrial [45] and biochemical analysis. 
In addition to several books and proceedings many 
general reviews on Thin-Layer Chromatography [46-52] and 
HPTLC [53], dealing with the following aspects have also 
appeared. 
* biochemical and clinical applications [54-65] 
* industrial applications [66] 
* quantitative TLC of foods and beverages [67,68], 
determination of meat additives [69]. 
* arson investigation samples [70]. 
* TLC of non ionic surfactants [71], polymers [72, 73]. 
* reversed phase TLC [74], ion pair TLC on reversed phase 
layers [75, 76] and 
* current instrumentation for TLC [77-85]. 
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TLC separations of different polycylic hydrocarbons 
[86], dyes [87-90], ascorbic acid, isoascorbic acid [91], 
anionic, nonionic and cationic surfactants in water or waste 
water [92] are of great interest in addition to its use as an 
aid to pharmacists [93-100]. 
The semiquantitative as well as quantitative 
applications of TLC in the determination of numerous mycotox-
ins [101], Vitamin D in human milk [102], vitamin B12 in 
veterinary oral solutions [103], citrinin in corn and barley 
[104], water soluble vitamins [105], flavins [106], vitamin E 
[107], provitamin A in fruits and vegetables [108], aromatic 
amines in urine [109], hydrocarbons in heavy oils [110, 111] 
have widen its scope. The application of HPTLC to examination 
of writing inKs for forensic analysis [112] are of current 
interest. 
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1.5.2 Removal of Heavy Metals from Industrial Wastes 
The presence of heavy metals in the environment can be 
detrimental to a variety of living species. Therefore, the 
elimination of heavy metals from water and wastewater is 
important in order to protect public health. Several methods 
have been proposed for heavy metals removal viz: Chemical 
precipitation/co-precipitation, membrane filtration, ion 
exchange and adsorption which are being commonly used. 
Treatment Technology for the Removal and Recovery of Copper, 
Cadmium, Hexavalent 6 Trivalent Chromium 
Sources: 
The principal sources of copper in industrial waste are 
through metal cleaning and plating baths, and rinses, as 
brass and copper metal working requires periodic oxide 
removal by immersing the metal in strong acid baths. Copper 
concentration in the plating bath depends upon the bath type 
and may range from 0.02 - 1.0% of the process bath concentra-
tion [178, 179]. Copper bearing mining wastes and acid mine 
drainage contribute significant quantities of dissolved 
copper to waste streams. Additional potential sources of 
copper bearing waste include pulp, paper and paper board 
mills, wood preserving, fertilizer manufacturing, petroleum 
refining, paints and pigments, basic steel works and 
foundries, nonferrous metal works and motor vehicle and air 
craft plating and finishing industries [180]. 
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The potential sources of cadmium in waste-waters are 
metallurgical alloying processes, ceramics and inorganic 
pigment manufacture, textile printing, chemical and 
electroplating industries and mine drainage [181, 182]. Of 
the total industrial cadmium use, 90% is utilised in 
electroplating, pigments, plastics stabilizers, alloying and 
batteries manufacturing industries. The remaining 10% is used 
for television tube phosphors, golf course fungicides, rubber 
curing agents and nuclear reactor shields and roads etc. 
[183]. 
Chromium occurs in aqueous system as both the 
trivalent, Cr(III) and hexavalent Cr(VI) ion. Hexavalent 
chromium present in industrial wastes is primarily in the 
form of chromate (Cr042~) and dichromate {Cr20-j^~) . Chromium 
compounds are added to cooling water to inhibit corrosion 
also. Different salts of chromium are employed in the 
manufacture of inks, industrial dyes and paints, in chrome 
tanning, aluminium anodizing and other metal cleaning 
processes, plating and electroplating operations. In the 
metal plating industry, automobile parts manufacturers are 
one of the largest producers of chromium-plated metal parts. 
The major source of waste chromium is the chromic acid bath 
and rinse water used in metal plating operations. 
The trivalent chromium in industrial wastes, comes from 
the reduction of hexavalent chromium during these processes. 
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The industries which use trivalent chromium directly in 
manufacturing processes include glass, ceramics, photographic 
materials, inorganic pigments, textile dyeing, and animal 
glue manufacturing industries. 
Treatment and Recovery Processes 
I. Precipitation 
The standard treatment method for most of the heavy 
metale is precipitation as insoluble hydroxide at alkaline 
pH, or sometimes as sulphide. Generally, hydroxide 
precipitation is accomplished by lime addition to an acidic 
waste water. Lime is preferred to the more expensive sodium 
or potassium hydroxide, as it costs significantly less. 
Cupric oxide which forms from the hydroxide [184], has 
minimal solubility between pH 9.0 and 10.3. A minimal 
solubility of 0.01 mg/1 has been reported in that pH range, 
from laboratory studies [185]. This value corresponds closely 
to the theoretical minimum effluent level which could be 
achieved by precipitation. 
Maruyama et al. [186] studied the removal of copper 
from municipal waste water enriched to 5.0 mg/1. Various 
combinations of lime and ferrous sulfate addition were 
examined for the treatment effectiveness. After chemical 
addition, flocculation and settling, the effluent was sand 
filtered and passed through activated carbon columns. Best 
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copper removal occurred at pH 6.0 with the addition of 
ferrous sulfate only. Similar improved treatment has been 
reported for alum flocculation at pH 6.8-7.0 and reflects the 
phenomenon of co-precipitation [187]. 
A significant problem in achieving low residual copper 
concentration is the presence of complexing agents notably 
cyanide and ammonia. Therefore, copper treatment may depend 
strongly on the removal of complexing agents. One method of 
avoiding cyanide treatment is to use the pyrophosphate copper 
plating process [188]. Conventional lime treatment of 
pyrophosphate is not effective since the bath is already at 
pH 8.3 - 8.8. Elevation of pH to 12.0 with lime with 
precipitate calcium pyrophosphate and thus allow simultaneous 
precipitation of copper hydroxide [189]. 
Treatment of cupric waste water with hydrazine or some 
other reducing agent plus sodium hydroxide reduces copper to 
cuprous form and such a system may be operated at pH 7-8 
[190, 188, 191]. 
Limited information is available on sulfide 
precipitation of copper [192, 193]. Copper was reduced from 
20 mg/1 to below detectable limits by sulfide precipitation 
from a gold ore extraction waste water. Treatment by co-
precipitation with alum yielded equivalent results [194]. In 
field studies on an acid mine drainage waste, the waste was 
first lime neutralized to pH 5.0 to precipitate iron and 
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aluminium and then in a second stage treated at pH 6.5 with 
barium sulfide for removal of other heavy metals. Copper was 
reduced from initial levels of 50-115 mg/1 to below 0.5 mg/1 
[196]. 
Cadmium forms an insoluble and highly stable hydroxide 
at alkaline pH [194]. Most effective cadmium hydroxide 
precipitation occurs between pH 9.5 and 12.5. Freshly 
precipitated cadmium hydroxide has been reported to leave 
approximately 1.0 mg/1 of residual cadmium in solution at pH 
8 but this is reduced to 0.1 mg/1 at pH 10 [185]. 
Precipitation at pH above 11 has been reported to yield an 
effluent cadmium level of 0.00075 mg/1. Sand filtration 
slightly reduced this residual cadmium concentration to 
0.00070 mg/1 [187]. It has been indicated that co-
precipitation with iron hydroxide at pH 8,5 improves cadmium 
removal [195, 196], and that co-precipitation with aluminium 
hydroxide is also effective for cadmium, as well as zinc and 
nickel [187]. 
As evidence for the beneficial treatment effect of co-
precipitation with iron hydroxide is presented by Maruyama et 
al. [186]. In pilot plant studies of metals in municipal 
waste-water by the addition of high quantity of lime (600 
mg/1) at pH 11.5, a residual cadmium concentration of 0.014 
mg/1 was reported. 
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In hydroxide precipitation of cadmium from a waste 
stream at a machine plating plant, an effluent pH of 9.0 and 
cadmium concentration of 0.54 mg/1 was reported for the lime 
precipitation process [197]. 
A very effective cadmium removal has been achieved in a 
pilot plant lime coagulation - settling process. The process 
achieved 94.5% cadmium removal from the trace quantities 
present [198]. 
In the presence of complexing agents (e.g. cyanide) it 
is difficult to precipitate the cadmium ion [196]. 
Therefore, effective precipitation of cadmium is dependent 
upon prior cyanide removal. Chalmers [199] reported treated 
effluent cadmium concentration of 0.7 mg/1 after cyanide-
chromium treatment plus neutralization and sand filtration. 
A proprietary hydrogen peroxide oxidation precipitation 
system has been developed which simultaneously oxidizes 
cyanides and precipitates the oxide of cadmium [200]. 
The hydroxide precipitation with lime may be 
unsatisfactory for cadmium, due to the high pH required for 
effective treatment [180]. The use of sulfide for cadmium 
precipitation appears feasible, although it has had only 
limited application [193, 201]. 
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Trivalent chromium can be removed as insoluble chromic 
hydroxide, Cr(0H)3 by precipitation with caustic soda or lime 
[202], The precipitation process is most effective at pH 
8.5-9.5 due to the low solubility of chromic hydroxide in 
that range. 
A typical metal bearing waste contains other metal ions 
as well as chromium to be removed by precipitation, and 
because of optimum pH of precipitation varies for different 
metal hydroxides, an average waste stream pH of about 8 often 
seems to achieve the best overall results on a waste contain-
ing several metal ions [203]. 
Soda ash has been used to precipitate trivalent 
chromium [202, 204] although the most commonly employed 
chemical for precipitation is lime. The chromium content of 
electroplating waste was reduced from 140 to 1.0 mg/1 by 
neutralization and precipitation with lime at pH 7-8 [205]. A 
coagulant aid was employed to improve the chromic hydroxide 
precipitate removal [206]. 
Chromate reduction by sodium metabisulfite to below 0.1 
mg/1, followed by waste neutralization with lime to pH 9.0, 
precipitation of chromic plus other metallic hydroxide, and 
settling [207] has been found to be a promising technique. 
Trivalent Chromium levels below 0.2 mg/1 can be achieved by 
such treatment [208]. 
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Sedimentation of the precipitate was improved by 
addition of an anionic polyelectrolyte. Plant effluent was 
reported to contain no hexavalent chromium and an average 
0.75 mg/1 trivalent chromium [209]. 
II. Reduction 
The standard reduction treatment technique is to lower 
the pH of the waste water or below with sulfuric acid and 
convert the hexavalent chromium to trivalent chromium with a 
chemical reducing agent such as sulfur dioxide/ sodium 
bisulfiter metabisulfite or hydrosulfite, or ferrous sulfate. 
The trivalent chromium is then removed, usually by 
precipitation with lime [210, 202]. 
Sulfur dioxide is the most popular reducing agent in 
treatment of chromium containing wastes, primarily because it 
is relatively cheaper [211]. Its use at a Boeing plant has 
been reported to treat chromium in metal finishing wastes 
[212]. The pH of the waste was adjusted to 2.5 by adding 
sulfuric acid before reduction. Sulfur dioxide, used to treat 
chromic acid plating bath and chromic acid etch bath wastes 
yielded residual hexavalent chromium less than 1.0 mg/1 
[213]. 
The sulfur dioxide chromate reduction process has also 
been used to treat wood preserving waste water [214]. It has 
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been found that for an influent concentration range of 0.23-
1.5 mg/1, the effluent hexavalent chromium averaged 0.1 mg/1. 
An unusual source of sulfur dioxide, washed out of the 
power house stock gas was used as the chemical reducing agent 
for converting Cr(VI) to Cr(III). Sodium bisulfite is 
employed as a supplement [215] where additional reduction is 
needed. 
In the treatment of electroplating waste containing 140 
mg/1 of hexavalent chromium, reduction was carried out at pH 
2.5 - 2.8, employing sodium bisulfite as the reducing agent 
[205]. The process was reported to reduce hexavalent chromium 
to the concentration of 0.7-1.0 mg/1. The replacement of 
sulfur dioxide with sodium metabisulfite as a reductant has 
been reported due to industrial health problems associated 
with gas leakage [216]. The use of sodium bisulfite to treat 
a chrome plating waste has been reported to yield effluent 
hexavalent chromium levels of 0.05-0.1 mg/1 [217]. 
The two stage chromate reduction process has been 
utilized for chromium plating rinse water. The use of sodium 
bisulfite followed by a hydrazine plus soda ash reduced the 
chromium concentration from 8-20.5 mg/1 to less than 0.1 mg/1 
in the effluent [218]. The use of metabisulfite as a reducing 
agent for treatment of chromate waste from a metal plating 
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operation, [219, 207] and sodium hydrosulfite [218] has also 
been reported. 
Several reports also describe the use of ferrous 
sulfate as a reducing agent for chromate containing wastes. 
Ferrous sulfate has been reported to have the advantage of 
effectiveness independent of pH [220]. However, Bennet [221] 
claims that ferrous sulfate reduction at pH 2-3 proceeds 
within 30 minutes to a residual hexavalent chromium level at 
1.0 mg/1, but requires 1 h between pH 4-10. In addition the 
use of ferrous sulfate to treat chromate wastes containing 
cyanide results in the formation of very stable ferro-cyanide 
complexes which prevent subsequent effective cyanide treat-
ment. 
III. Ion Exchange 
Ion exchange is capable of achieving very high levels 
of copper removal, particularly from low concentration 
wastes. Copper removal by ion exchange from 1.02 mg/1 to 
less than 0.03 mg/1 has been reported [222]. When compared to 
other treatment methods, for cases where metal recovery is 
not feasible, ion exchange does not appear to be practicable 
as it is a costly process. 
Treatment of copper rinse solutions containing high 
ammonia concentrations has been reported by a selective ion 
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exchange resin. Copper was reduced from 45 mg/1 to 
undetectable levels [2231 by this process. 
Schore [224] reported that ion exchange reclamation of 
copper from pickle liquor allowed electrolytic copper 
recovery and regenerated the acid pickle solution. 
There are many ion exchange resins with high 
specificity for cadmium [225] . However ion exchange method 
is unsuitable for the recovery of cadmium from mixed cadmium 
cyanide solution [226]. 
Relatively little information is available in 
literature on ion exchange treatment of trivalent chromium. 
In most of the industrial wastes chromium exists in the 
hexavalent form and if recovery is preferred, direct ion 
exchange treatment of the chromate or dichromate is carried 
out. The different resins are employed to recover each form 
of chromium [227, 228]. 
In the ion exchange system, pH is a critical factor 
[229, 230] with proper pH adjustment (4.5-5), chromate was 
removed from cooling water system even in the presence of 
high concentration of sulfate and chloride ions. Successful 
ion exchange treatment of a metal finishing waste has been 
reported to meet a chromate effluent standard of 0.05 mg/1 
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[231]. This chromate level is equivalent to a Cr(VI) 
concentration of 0.03 mg/1. 
IV. Evaporative Recovery 
Use of evaporative recovery has been practiced for over 
20 years [232J . Recovery of copper is often more attractive 
than some other metals such as zinc due to its higher cost 
[232] Domey and Steifel [233] reported that copper plating 
bath rinse water volume could be reduced from 4100 to 600 
gal/day by rinsing modifications. Such modification is 
generally essential to the economic feasibility of 
evaporative recovery system since the major cost item is the 
steam [234]. Culotta and Swanton [235] have compared capital 
and operating costs for various evaporator systems. 
In evaporative recovery of chromic acid, all constitu-
ents of the waste water are retained in the concentrated 
product. In practice, this has been a major disadvantage of 
evaporative recovery since the build up of impurities often 
results in defective plating [236]. Plating waste rinse water 
containing only a few mg/1 of chromic acid can be 
concentrated to above 900 mg/1 [237]. 
V. Electrochemical Reduction 
A recently developed process with significant potential 
application for both concentrated and dilute copper waste 
water is 'cementation' [238, 239]. The process involves 
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percolating the copper waste water through a bed of scrap 
iron. By oxidation - reduction reaction, copper is cemented 
onto the iron,with sacrificial iron going into solution. 
Reduction of Cr(VI) to Cr(III) has also been 
successfully applied in an electro-chemical treatment 
process. The hexavalent chromium reacts with both elemental 
iron and ferrous iron and gets reduced to trivalent chromium. 
The reaction has been found to be pH dependent. Complete 
reduction of a 100 mg/1 Cr(VI) solution has been reported 
within 8 minutes, at pH, 2.0 [239]. 
VI. Miscellaneous Processes : 
These processes include Reverse Osnosis, 
Electrodialysis, Freeze and Electrolytic Recovery of metals 
from different wastes. 
Successful pilot scale reverse osmosis treatment (99% 
rejection) has been reported for copper pyrophosphate and 
copper cyanide plating bath rinse waters. However available 
membranes are suitable only over a pH range of 3.5-12.0 
[241]. The removal of cadmium from cadmium plating rinse 
wastes has been reported to the extent of 78 to 99% [225]. A 
high selectivity cellulose acetate membrane yielded 92.6% 
rejection at pH 2.6 and 98.6% rejection at pH 7.6 [242] for 
hexavalent chromium containing wastes. 
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Bovet [243] has claimed that electrodialysis is 
economically feasible for treatment of process solutions and 
rinse waters from plating and metal finishing operations, and 
for treatment of acid mine drainage. 
Freeze recovery has also been considered and reported 
effective as well as economical followed by either reuse or 
precipitative treatment of the concentrated slurry [241]. 
About 99.6% reduction of cadmium, to a final concentration 
of 0.4 mg/1 [244] has been achieved by this process. 
Direct electrolytic recovery of copper metal is 
possible from relatively concentrated waste solutions. The 
electrolytic process generally requires a preconcentration 
step such as ion exchange or evaporation. Acid leach 
solution from copper ore is electrolysed directly in one 
application to recover copper [245]. Recovery of copper from 
copper pickling baths presents no problem but brass pickle 
solution may cause problems from the sludge formation [246]. 
A new process has been reported recently [247, 248] for 
the electrolytic treatment of dilute copper cyanide 
solutions. The process consists of a fluidized semiconducting 
carbon bed across which a potential is developed. It is 
claimed that 20 mg/1 cyanide is reduced to 0.5 mg/1 and 40 
mg/1 Cu is reduced to below 1.0 mg/1 [248]. 
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VII Adsorption Processes 
The adsorption studies are significant both 
theoretically and practically as they can be utilized in the 
detection, determination and treatment of inorganic and 
organic pollutants and pesticides. The use of adsorption 
processes for the removal of pollutants by the use of solid 
adsorbents has been considerably developed recently. It has 
been found to be very useful and successful in many fields 
such as the purification processes, water treatment processes 
and analytical methods. The theory of adsorption from 
solution has not been well developed and is still in the 
developing stage. 
The application of adsorption technique has received 
considerable attention during the last decade. Activated 
carbon has been used as an effective adsorbent for removing 
organic and inorganic contaminants from water, waste water 
and air samples [240,249-260]. 
It has been very effectively and successfully used as 
an adsorbent for the removal of various pollutants viz. 
adsorption of hydrocarbons [261], alcohols [262], phenols 
[263], organic acids [264], vinyl chloride [265], dyes [266], 
pesticides and pollutants [267, 268] and inorganics [269-280] 
from water and waste water. 
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In brief activated carbon has been found to be an 
effective adsorbent for the removal of many organic as well 
as inorganic substances present in water. However, the use of 
activated carbon poses an economic problem and limits its 
large scale use for the abatement of heavy metal pollution in 
developing countries like India. 
Different adsorbents have been proved quite useful due 
to its low cost and wide availability viz. fly ash [281-286], 
peat [287-292], fibrous keratinous materials such as wool and 
hair [293-295], clays [296, 297], alumina bauxite [298], 
woolastonite [299, 300], discarded automobiles tires [301], 
suspended particles of river water [302-304] and sludge 
[305-311]. 
The recent work on treatment of water or waste water 
containing heavy metals has been selectively described in 
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1.6 Objectives of the Present Work 
Water is one of our basic natural resources but its 
quality is being continuously degraded by the various 
activities of our modern civilization. Industrial effluents 
containing toxic metals have so greatly contributed to water 
pollution that it has become a very serious global problem. 
The adverse effects of the toxic elements have been studied 
by various research workers [409-411]. 
In developing countries like India, there is an immense 
need of simple and inexpensive methods for pollution 
monitoring and control. The use of various sorbents makes it 
possible to workout sensitive and selective methods of 
separations as well as determination of a large number of 
heavy metals. 
Therefore, sorption behaviour of some heavy metal ions 
have been studied on thin layer of plain and chemically 
modified silica gel and an attempt has been made for the 
development and optimization of analytical methods for the 
separation and determination of heavy metal pollutants. The 
extreme simplicity and very modest cost of thin layer 
chromatographic method makes it an ideal technique for 
routine analysis. 
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The following studies were carried out: 
(i) Sorption behaviour of heavy metals on silica gel loaded 
with tributylamine. 
(ii) Thin layer chromatographic separation and recovery of 
mercury(II) from river and waste waters on oxalic acid 
treated silica gel layers. 
In waste water treatment, the process of adsorption has 
an edge over other methods due to its clean sludge free 
operation. Removal of heavy metals using various adsorbents 
have been reported [412-415]. In quest of an inexpensive 
methodology for the removal of toxic metal pollutants, the 
possible utility of various sorbents has been considered. 
The following studies were also carried out: 
(i) Comparative studies on the removal of copper(II) from 
aqueous solution using different adsorbents. 
(ii) Sorption studies on the removal of toxic metals from 
electroplating waste using iron(III) hydroxide. 
(iii) Saw dust - as the scavenger of copper(II) "A thermody-
namic study". 
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CHAPTER-2 
CHAPTER-2 
SORPTION BEHAVIOUR OF HEAVY METALS ON SILICA GEL 
LOADED NITH TRIBDTYLANINE 
2.1 INTRODUCTION 
Thin layer chromatography (TLC) of heavy metal ions on 
silica gel (SG) layers offers interesting possibilities which 
are greatly enhanced when these layers are loaded with high 
molecular weight extractants. Silica gel retains solutes 
almost exclusively on the basis of polarity and thus the 
separation of solutes with close polarity even with different 
molecular weights is difficult. The selectivity in such cases 
can be affected only by varied choice of mobile phases. 
Reversed phase-TLC offers some distinct advantages over 
normal phase TLC by providing several factors such as 
organization of the hydrocarbon ligands on the silica 
surface, intercalation of solvent into the bonded layer and 
the activity of residual silanols on the solid support. All 
these factors influence the selectivity of the medium in a 
peculiar manner. Thus, in reversed phase-TLC the selectivity 
of a medium can be altered by varied choice of mobile phases 
or sorbents, as well as by surface modifications involving 
the reaction between silica support and reactive organo 
silanes of varying chain lengths. 
Because of its simplicity and better resolution power, 
reversed phase chromatography has grown to be a widely used 
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method for chemical analysis of complicated mixtures. As a 
result a number of studies have been reported on the 
separation of metal ions using various mobile and stationary 
phases [1-14]. Most of these reversed phase studies are 
based on the use of paper and column chromatography and 
little attention has been paid to the use of TLC [15-18]. 
Separation of Zn(II) from Cd(II) is of great interest 
because of close resemblance in their chromatographic 
behaviour. Several attempts have been made to achieve their 
mutual separation by using normal and reversed phase paper 
chromatography [19-21], ion exchange chromatography [22], 
solvent extraction [23] , normal phase TLC [24] and by 
precipitation [25]. It is surprising that no work has been 
reported on reversed phase TLC for the separation of Zn(II) 
from Cd(II). It was therefore decided to evolve optimum 
conditions for the separations of Zn(II) from Cd(II), Ni(II) 
and Co(II) by reversed phase-TLC using tributylamine (TBA) as 
stationary phase on SG support. Aqueous solvent systems 
containing variable concentration of formic acid and sodium 
formate were used as mobile phases. 
2.2 EXPERIMENTAL 
2.2.1 Apparatus 
A thin layer chromatography apparatus (Toshniwal, 
India) for the preparation of silica gel thin layers on 20 x 
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3 cm glass plates was used. The chromatography was performed 
in 24 X 6 cm glass jars. Elico pH meter was used for pH 
measurements. 
2.2.2 Reagents 
Silica gel G (BDH), Tributyl amine (TBA) of Fluka, 
Sodium formate (SF) and formic acid, (FA) of E. Merck were 
used. All other reagents were of analytical grade. 
2.2.3 Test Solutions and Detectors 
The 0.1 M solutions of nitrates, chlorides or sulphates 
of most of cations were prepared in 0.1 M solutions of the 
corresponding acids as described earlier [26] . Various known 
volumes of standard solutions of metal ions were taken to 
study the effect of loading on the Rp values. To study the 
effect of pH of metal solutions on the Rp value of cations. 
The pH of the sample solutions were brought to the required 
value by the addition of either dilute NaOH or dilute HCl. 
The metal ions were detected by using conventional spot 
test reagents. 
Mgt^l ipns 
V02+, Cu2+, Fe3+, 002^+ 
Pe2+ 
Ti4+ 
Detectors 
Potassium ferrocyanide 
Potassium ferricyanide 
Chromotropic acid 
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Al3+ Aluminon 
W^ "*" Pyrogallol 
Ni2+, Co2+ Dimethyl glyoxime 
Zn2+, Cd2+, Mn2+, Cr3+ Dithizone 
Ag"*", Bi3+, pb2+, T1 + , Tl3+, Hg2+ Yellow ammonium sulphide 
Ta5+, La6+, Zr4+ Alizarine red S 
Se^ "*" Stannous chloride 
Th^ "*" Thoron 
2.2.4 Preparation of chromatoplates: 
(a) Preparation of Plain SG Thin Layer Plates: SG was 
slurried with demineralized water in the ratio of 1:3 with 
constant shaking for 5 minutes. The resulting slurry was 
coated on clean glass plates with the help of an applicator 
to give a layer of 0.25 mm. The plates were air dried first 
and then kept at 100 + S^C for 1 h in an electrically 
controlled oven. The plates were cooled to room temperature 
by keeping them in a closed chamber before use. 
(b) Preparation of TEA Impregnated SG Thin Layers: 
Impregnated silica gel thin layers were prepared by using two 
methods. 
(1) Direct Impregnation Method 
20 gms of silica gel was shaken in a conical flask with 
60 ml of 10-70% TEA solution in benzene (V/V) to obtain a 
100 
homogeneous slurry. The resultant slurry was spread over 
glass plates to form a layer of uniform thickness 
{^ 0^.25 mm). Benzene was allowed to evaporate at room temper-
ature. The plates were heated at 100 + 5°C for 1 h. and then 
cooled to room temperature by keeping in a closed chamber. 
(ii) Indirect Impregnation Method: 
The plain SG plates were first prepared by adopting a 
method as mentioned above and then were impregnated by 
placing in chromatographic jars for development containing a 
10-70% TBA solution in benzene (V/V). Benzene was allowed to 
evaporate at room temperature and then the plates were heated 
at 100 + S^ C for 1 h in an electrically controlled oven. The 
plates were cooled to room temperature by keeping in a closed 
chamber and then used as such. 
2.2.5 Solvent Systems Dsed: 
(i) Aqueous FA (10"3^ 10"2, 0.1, 1.0, 5.0, 10.0, and 20.0 M) 
(ii) Aqueous SF (lO'^, 10"2, 0.1, 1.0, 2.0, 5.0 M) 
(iii) Mixtures of 1.0 M aq. FA and 1.0 M aq. SF in 8:2, 6:4, 
1:1, 4:6 and 2:8 ratio). 
2.2.6 Procedure: 
The sample solution (3-5 ul) was loaded on plain or 
TBA impregnated SG chromoplates with the help of 
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micropipette. The spots were dried at room temperature before 
proceeding for development. The glass jars containing mobile 
phase were covered with lids and left for 10 minutes before 
placing the plates for development. The plates were developed 
in a chosen mobile phase by an ascending technique with a 
solvent run to 10 cm in all cases unless otherwise stated. 
After the development was over, the plates were air dried and 
the cations were detected by spraying appropriate colouring 
reagents. The Rp values were calculated from the values of RL 
(RL of leading front and Rrp (Rp of trailing front) . 
2.3 RESULTS AND DISCUSSION 
Results of this study have been summarized in Figures 
2.1-2.4 and Tables 2.1 - 2.6. 
Reversed phase chromatography on SG impregnated TBA 
gave excellent results. The thin layers were of good 
quality. However the plates prepared by direct impregnation 
method were found to be better than those obtained by 
indirect impregnation method. The time of development ranged 
from 1-2 h depending upon the composition of the mobile phase 
used. The spots were compact and well formed in all solvent 
systems and at all per cent impregnations (10-70%) of TBA. 
However, Cd2+, Ag"*", Hg22''" and Hg2+ showed some tailing [(RL" 
Rrp) > 0.3] in some solvent systems. The Rp values of metal 
ions were found to depend upon the time and temperature of 
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drying of impregnated SG plates. The plates were quite 
stable in acidic developers and also in 1.0 M SF but at a 
higher pH of mobile phaser the plates were deformed on 
drying. As a result, the plates developed in 5.0 M aqueous SF 
(pH = 7.75) get deformed on drying. The effect of various 
factors on the chromatographic behaviour of metal ions is 
given below. 
2.3.1 Effect of Aqueous SF Concentration on the Nobility of 
Metal Ions; 
On the basis of chromatographic behaviour on SG layers 
impregnated with 40 per cent TBA in varying concentrations of 
SF (0.001 to 5.0 M), the metal ions can be classified into 
the following groups. 
(i) Metal ions such as UO22+, Fe3+, Al3+, Ag+, Pb2+, Bi3+, 
Tl3+ and Ti*+ did not show any mobility over the entire range 
of SF concentrations. The low Rp value for these metal ions 
may be attributed to the formation of anionic/neutral 
complexes with SF similar to those reported by Qureshi et al 
[27] for few cations. Hg22"'" and Hg2+ produced tailed spots 
starting from the point of application. 
(ii) Ni2+ and Co2+ moved with the solvent front giving 
high Rp ("--^ 0.9) over the whole concentration range. The 
absence of sorption in these cases may be attributed to the 
lack of formation of anionic metal formate complexes. 
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(iii) Metal ions like Tl"^  and Cd2+ showed an increase in 
mobility with the increase in SF concentration giving Rp 
equal to 0.9 in 5 M SF. The increase in Rp value with the 
increase in SF concentration may be probably due to increased 
complexation at higher pH. 
(iv) Cu2+ and Zn2+ did not move in solvents containing 
upto 1.0 M SF. However a sudden increase in their Rp values 
in 2.0 M and 5.0 M SF was observed. 
All the metal ions were detected satisfactorily at all 
SF concentrations (0.001-5.0 M). The development time 
increases with the increase in molar concentration of SF 
until it reaches to 2 h in 5.0 M SF. 
2.3.2 Effect of FA Concentration on the Nobility of Metal 
Ions; 
The study of chromatographic behaviour of metal ions on 
40% TBA impregnated SG plates in acidic developers containing 
varying molar concentrations of aqueous FA (0.001-20.0 M) 
gave some interesting results. The main points merged out of 
this study are as follows: 
(i) ^92^^ elongated spots at all FA concentrations while 
Bi3+ and Cd2+ produced tailed spots (starting from the 
origin) in 5-20 M and 0.001 M - 0.1 M FA respectively. 
104 
(ii) Ag+, Pb2+ and Ti4+ remained at the point of application 
at all FA concentrations used. Conversely, Ni2+ and Co2+ 
moved with the solvent front probably due to the solvation of 
these ions/complexes by the mobile phase. 
(iii) 002^+, Fe3+, Al3+, Bi^+r Zn2+, Cr3+, Cu2+ and Cd2+ did 
not move in mobile phases containing upto 0.1 M FA. On 
further increase in acid concentrations these metal ions show 
significant mobility giving Rp 0.7-0.9 in 1.0 M FA. The Rp 
values reach a maximum (Rp « 1.0) at higher FA concentrations 
(i.e. 5-20 M). The higher FA concentration was found 
unsuitable because of (a) spreading of spots (b) greater 
development time (c) less sharp detection of most of the 
metal ions. 
The increase in Rp with increase in molar concentration 
of Fa is attributed to the increase in the number of H"*" ions 
competing with the cations/or cationic complexes, for the 
exchange sites. 
2.3.3 Effect of TBA Impregnation on the Mobility of Metal 
ions: 
Fig. 2.1 shows that TBA impregnated SG layers are more 
strongly sorbing than unimpregnated or plain SG layers for 
most of the metal ions as indicated by positive values of 
Rp. Here ARp is the measure of the difference in the Rp 
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• l.OM 5F 
o l .OM SF* I.OM FA (1 .1 ) 
* 1 0 " » I.OM FA 
A O.IM FA N. 
I * ' I ' ' I ' I ' ' I I I 
Cat ions 
Fig. 2.1 comparison of selectivities of TBA-
impregnated and unimpregnated silica 
gel layers in different solvent 
systems . 
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values of metal ions on unimpregnated and impregnated SG 
layers i.e. ARp = Rp on unimpregnated SG layers - Rp on 
impregnated SG layers. Thus, TBA impregnation enhances the 
selectivity of the plain SG layers. 
Fig. 2.2 shows the effect of degree of impregnation of 
TBA on the Rp values of metal ions in 1.0 M FA and in 1.0 M 
FA -f 1.0 N SF (2:8) solvent systems. The Rp values for only 
those cations which gave compact spots were taken for 
plotting the figures. It is evident from Fig.2.2 that in 1.0 
M FA, the Rp values generally decrease with the increase in 
degree of impregnation. However, Cd2+ and Bi3+ showed 
constancy in Rp values at all degrees of impregnation. Zn^"*" 
showed significant failing (Rp = 0.0-0.6), over 10-20% 
impregnation. 
In solvent system containing the mixture of 1.0 M FA 
and 1.0 M SF in 2:8 ratio, the plots Fig.2.2 showed frequent 
fluctuations over the entire range of TBA impregnation. 
Interestingly, a few cations showed stronger sorption at 30 
per cent TBA impregnation. Detection of all metal ions were 
very clean and sharp at all degree of impregnation but the 
spots were more compact at higher degrees of impregnation. 
The shapes of these curves can be tentatively explained on 
the basis of the existence of a neutral, positive, or 
negative species as well as the possibility of formation of 
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• I .OMFA o I.OM FA • t .OM SF ( 2 : 8 ) 
CC 
a: 
u. 
(X 
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0.8 
0.6 
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0.2 
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I ' I U 
J 1 1 1 1 I I 
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Cd 2* 
J I I I 
-• ^ 
2n 
J I L 
2» 
;2» 
-I I I 
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- ^ . 
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Fig. 2.2 Plot of R Vs percentage impregnation of TBA in 
benzene. 
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less adsorbed higher charged negative complexes. Some other 
phenomena such as the adsorption in the network of the 
support, precipitation in the network of the support, 
precipitation, hydrolysis and solvent solvent interactions, 
may play an important role to effect the sorption behaviour 
of metal ions on impregnated SG layers. 
2.3.4 Effect of Nixed Solvent Systens Containing Mixture of 
1.0 M FA and 1.0 N SF on the Mobility of Metal Ions: 
It is clear from Fig. 2.3 (a) that 1.0 M SF is the best 
solvent for the separation of Zn2+ from Cd2+, Ni2+ and Co2+ 
on 60% TBA impregnated SG layers. Though the separation of 
Cd2+ from Zn2+ in this solvent is also possible on 40% 
impregnated plates but the higher tailing of Cd2+ decreases 
the resolution of its separation from Zn2+ Fig.2.3 (b). It is 
clear from Fig. 2.3 (b) that 1.0 M SF behaved differently 
than 1.0 M FA as a mobile phase. Most of the cations move 
faster in FA and produce more compact spots compared to SF. 
Ni2+ and Co2+ showed identical behaviour in both the solvent 
systems and moved with the solvent front. Figs. 2.3 (c-d) 
summarize the chromatographic behaviour of metal ions in 
solvent systems containing mixtures of 1.0 M FA and 1.0 M SF 
in different molar ratios. It is evident from these curves 
that most of the metal ions showed relatively greater 
mobility and higher compactness in solvents containing higher 
percentage of FA. 
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Fig. 2.3 Plot of R Vs metal ions in different solvent systems, 
a = 60% TBA impregnated SG layers. 
b,c,d = 40% TBA impregnated SG layers. 
Ill 
2.3.5 E££ect of pH of Metal Solutions on the Separation of 
Zn2+ from Ni2+, Co2+ and Cd2+: 
It is clear from Fig.2.4 that the Rp values of Zn2+, 
Ni2+, Co2+ and Cd2+ are independent of the pH of the sample 
solution in the pH range of 1-5. Thus a good separation of 
Zn2+ from these metal ions can be obtained on 60% TBA 
impregnated SG layers in mobile phase containing a mixture of 
1.0 M SF and 1.0 M FA in 8:2 by using unbuffered sample 
solutions without adhering to the close control of the sample 
pH. 
The enhancement in the selectivity of SG layers on 
impregnation with TBA provides an opportunity in achieving 
many analytically important separations. Many such 
separations have been actually realized and have been 
tabulated in Tables 2.1-2.4. The separations such as Zn2+-
Cd2+, Al3+-Cu2+, vo2+-Tl3+, vo2+-w6+, Th4+-Zr4+, Fe3+-Tl3+, 
Al3+-Cu2+-Ni2+-Ti4+, cr3+-Bi3+-Cd2+-Co2+, Zn2+-Cd2+-Pb2+ and 
2n2+-Tl+-pb2+ are worth mentioning. 
Table 2.5 summarizes the results of the effect of 
loading on the Rp values and the lowest possible detectable 
amount of metal ions on the chromatoplates. It is evident 
that TBA impregnated SG layers gave highly compact spots over 
a wide range of loading amount of the metal ions. 0.5 ug of 
Ni2+ gave Rp equal to 0.94 while it is 1.0 for 400 ug of 
Ni2+. 
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In order to bring out a more clear picture regarding 
the separation of Zn2+ from Cd2+, Ni2+, and Co2+, some TLC 
parameters such as ARp (Rp of separating metal ion-Rp of 
Zn2+), separation factor (d) and resolution (Rs) have been 
calculated. These data have been presented in Table 2.6. The 
values for d and Rs have been calculated by using the 
following relationships. 
(i) d. = K'Zn/K'M (M = separating metal) 
K I _ 
1 - Rp 
Rp 
where K' is a capacity factor which measures the degree of 
retention of a solute compared to the solvent. 
AX 
Rs = 
1/2 (di + d2) 
where X is the distance between the centres of spots and 
d^, d2 are their respective diameters. Two solutes are just 
separated if Rs is equal to 1. It is clear from Table 2.6 
that a good separation of Zn2+ from Cd2'*", Ni2+ and Co2+ can 
be carried out by using the proposed method. The Rp value 
is always greater than 0.5. A high value of separation 
factor and well resolved spots with Rs 2 5 are the added 
advantages of this study. 
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The proposed method consisting the use of 40-60% TBA 
impregnated SG layer and a mixture of 1.0 M SF and 1.0 M FA 
in 8:2 ratio as developer is very reliable and reproducible 
for achieving the separation of a particular cation from 
others in general. It is particularly more useful if one 
needed sharper and clearer ternary and quarternary 
separations. The spots are so well formed and compact that 
good quarternary separations are always possible. It is a 
very reliable method to separate Zn2+ from Cd2+ over a 
reasonable pH range of sample solutions. 
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CHAPTER-C 
CHAPTER-3 
THIN LAYER CHROMATOGRAPHIC SEPARATION AND RECOVERY 
OF MERCDRY (II) PROM RIVER AND WASTE WATERS 
ON OXALIC ACID TREATED SILICA GEL LAYERS 
3.1 INTRODDCTION 
The high efficiency of thin-layer chromatography (TLC) 
has resulted in its wide application in the analysis of 
solutions containing inorganic ions. In normal phase TLC, 
various solvent systems and several adsorbent phases such as 
hydrous solids [1-5], synthetic inorganic ion exchangers 
[6, 7], cellulose derivatives [8-10], and mixed adsorbents 
[11-13] have been employed in order to achieve some 
interesting separations of metal ions. Most of the studies 
have been made on untreated silica gel or silica gel treated 
with organic compounds. However, a few references showing the 
use of silica gel impregnated with aqueous inorganic salt 
solutions or mixed with NH4NO3 in combination with starch or 
cellulose are also available in the literature [14-18]. 
Silica gel impregnated with acids or buffer solutions as 
stationary phase [19-23] has bee infrequently used for the 
analysis of rare earth elements. 
It was, therefore, considered worthwhile to develop new 
adsorbent phases by treating silica gel with appropriate 
concentrations of mineral as well as carboxylic acids and to 
explore their analytical potential in the analysis of metal 
ions. 
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There has been considerable interest in the 
chromatographic separation of Hg2+ from C6, Zn, Cu, Pb, Co, 
and Bi, where various combinations of stationary and mobile 
phases have been utilized [24-27]. On the other hand, the 
separation of different valence states of mercury has assumed 
practical importance because of their adverse effects on 
living organisms. 
The proposed stationary and mobile phases proposed make 
possible the separation of Th^ "*" from 1302^'^ and of Hg2+ from 
Hg2^ '*" as well as from other numerous ions. The separation 
efficacy has been established by determining Hg2+ 
spectrophotometrically with dithizone from the eluate 
obtained after its chromatographic separation. Our present 
study removes the limitations of earlier investigations made 
so far by providing the following additional information. 
(i) The separations of Hg2+ from Hg2^ "*" and of U02^ ''' from 
Th*"*" are not impaired by the presence of common anions in the 
sample and hence their removal from sample solution prior to 
the separation of Hg^ "*" or 1102^ '*' is not required. 
(ii) The RF values of Hg2+, Pb2+, Cu2+, and Ni2+ remained 
almost constant over the pH range 0.5-7.0 of the sample 
solution. 
(iii) The maximum loading limits of Pb2+, Cu2+, and Ni2+ for 
the successful separation of Hg^ "*" from these ions have been 
evaluated. 
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(iv) The separation is rapid, requiring about 45 min. for 
complete separation while the methods proposed by De and co-
workers 124, 25] needed 4-8 h. 
(v) The proposed method has been successfully employed for 
the determination of Hg2+ in the samples of river water and 
synthetic industrial waste. 
3.2 EXPERIMENTAL 
3.2.1 Apparatus 
The apparatus used were the same as described in 
Chapter 2, Section 2.2.1. A digital pH meter CP 901 (India) 
was used for pH measurements and HACK DR-EL/4 
spectrophotometer (USA) was used for colorimetric 
determination of Hg2+. 
3.2.2 Reagents and Materials 
Silica gel G (SG, BDH); oxalic acid; mercuric chloride 
and carbon tetrachloride (E. Merck); dithizone (Chemical Drug 
House, India); and ethyl acetate, amyl alcohol, acetone, and 
formic acid (Glindia Ltd.) were used as received. All other 
reagents were of analytical grade. 
3.2.3 Preparation of Chromatoplates 
(a) Preparation of plain SG thin-layer plates; The plain SG 
thin-layer plates were prepared as already described in 
Chapter-2, Section 2.2.4 (a). 
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(b) Preparation Qf ^QXd-Jwpi^qn^t^^ SQ thin-laver PJ-^ tes; 
Twenty grains of SG was shaken in a conical flask with 60 ml 
of 0.1-10% aqueous solutions of various acids to obtain a 
homogeneous slurry. The slurry so obtained was spread over 
glass plates to form a layer of uniform thickness (^ ^ 0.25 
mm). The plates were air-dried, activated at 100 + 5°C for 1 
h, cooled to room temperature, and kept in a closed chamber 
until used. The plates remained quite stable for several 
hours. 
In the following two tables are given the solvent 
systems used and the adsorbents tested in this study. 
Solvent system Composition by volume 
Ethyl acetate:-acetone:formic acid:water 
So 
Si 
S2 
S3 
S4 
S5 
S6 
S? 
S8 
S9 
SlO 
Sii 8:7:4:l+few crystals of NaCl 
Si2 Amyl alcohol:ethyl acetate:formic acid:water 
10:8:2:1 
Si3 Amyl alcohol:ethyl actetate 
1:1 
Si4 Amyl alcohol:ethyl acetate:formic acid:water 
7:8:1:4 
Si5 Amyl alcohol:ethyl acetate:formic acid:water 
7:8:4:1 
1 0 : 7 : 2 
8 : 7 : 4 
6 : 7 : 6 
4 : 7 : 8 
2 : 7 : 1 0 ! 
6 : 9 : 4 : 
1 0 : 5 : 4 : 
1 2 : 3 : 4 : 
1 4 : 1 : 4 : 
1 5 : 0 : 4 : 
0 : 1 5 : 4 : 
:1 
:1 
! l 
! l 
•1 
.1 
1 
1 
1 
1 
1 
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Adsorbents 
Ao 
Al 
A2 
A3 
A4 
A5 
A6 
A? 
A8 
A9 
AlO 
All 
A12 
Al3 
A|4 
Impregnants on silica gel 
Plain silica gel 
2.0% Oxalic acid 
5.0% Perchloric acid 
0.1% Hydrochloric acid 
2.0% Hydrochloric acid 
5.0% Hydrochloric acid 
10.0% Hydrochloric acid 
2.0% Perchloric acid 
2.0% Nitric acid 
2.0% Formic acid 
0.5% Formic acid 
0.5% Tartaric acid 
0.5% Citric acid 
0.5% Oxalic acid 
10.0% Oxalic acid 
3.2.4 Test solutions and Detectors 
The 0.1 M solutions of nitrates, chlorides, or sulfates 
of most of cations were prepared in 0.1 M solutions of the 
corresponding acids. The metal ions were detected by using 
conventional spot test reagents as described earlier in 
chapter 2, Section 2.2.3. 
3.2.5 River Hater Sample and Synthetic Industrial waste 
Water samples were collected from the river Ganga and 
stored at laboratory temperature (28°C). Physicochemical 
analysis of the river water was carried out following 
130 
Standard Methods for Examination of Water and Wastewater 
[28]. The synthetic industrial waste was prepared as 
described by Campanella et al. [29]. 
3.2.6 Procedure 
(a) Qualitative Separations: With the use of micropipets the 
sample solutions (3-5 pi) was loaded on plain or acid-
impregnated SG chromatoplates. The spots were dried at room 
temperature before development. The glass jars containing 
mobile phase were covered with lids and left for 10 min 
before introducing the plates for development. The plates 
were developed in the chosen mobile phase by the ascending 
technique with a solvent run to 10 cm in all cases. After 
development, the plates were air-dried and the cations were 
detected by spraying with standard spot test reagents. The Rp 
values were calculated from the values of RL (Rp of leading 
front) and Rj (Rp of trailing front). 
To study the effect of the pH of the metal salt 
solution on the Rp values of Hg^^r Cu2+, Pb2+, and Ni2+ of 
the pH of the standard solution of the concerned metal salt 
was brought to the required pH value by addition of a few 
drops of dilute sodium hydroxide solution or dilute 
hydrochloric acid. The fixed volumes of above cation 
solutions of varying pH values were applied on AQ and 
chromatographed with Sj. The Rp values were calculated after 
detection. 
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To study the effect of anions on Hg2+ - Hg22''' and 
002^ "*" - Th^ "*" separations, anion solution was mixed with the 
synthetic mixture of cations to be separated. The synthetic 
mixtures so obtained were spotted on AQ and the plates were 
developed with Si. The Rp values of cations were determined. 
The loading effect on the Rp values of metal ions was 
studied by spotting on AQ the varying volumes (5 pi - 0.01 
ml) of standard salt solutions of the cation concerned. The 
chromatoplates were developed with Si and Rp values were 
calculated. 
In order to widen the applicability of the proposed 
method, it was tested for the recovery of Hg2+ from river 
water and industrial wastewater. For this purpose a standard 
solution of mercuric chloride (135.4 mg HgCl2/100 ml) was 
prepared directly in river water or synthetic industrial 
wastewater. Various volumes of this solution containing 5-14 
pq of Hg^ "*" were spotted on AQ. The chromatoplates were 
developed with Si and the Hg^ "'" was determined 
spectrophotometrically. The results obtained are shown in 
Table 3.4. 
(b) Spectrophotometric Determination of Hg^ '*'. The known 
volumes of synthetic mixture containing fixed amounts of Hg^ "*" 
were applied on AQ with a micropipet and the plates were 
developed in Si. A pilot plate was run simultaneously to 
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locate the position of mercury by detecting it with 
dithizone. The area corresponding to Hg^ "*" was scratched out 
from the working plate. This material was treated several 
times with small portions of 1.0 M H2SO4. The suspended 
particles of the SG, if any, were filtered off and the 
solution was diluted to 10 ml with 1 M H2SO4. Two milliliters 
of 6N acetic acid was then added followed by a few 
milliliters of carbon tetrachloride. The mixture was shaken 
for 1 min to saturate the aqueous solution with the carbon 
tetrachloride layer. The latter was drawn out and 5 ml of 
0.01% dithizone in carbon tetrachloride was added. The 
mixture was shaken vigorously for 5 min. The organic layer 
containing mercuric dithizonate was drawn out and dried over 
anhydrous sodium sulfate. The absorbance of mercuric 
dithizonate was measured at 490 nm against the reagent blank 
[30] prepared in the same manner. 
The calibration graph for the spectrophotometric 
determination of Hg^ "*", obtained under optimum experimental 
conditions, obeyed Beer's law in the concentration range 5-15 
^g/10 ml of Hg2+. Hg2+ in the presence of Hg22''", Pb2+, Ni2+ 
and Cu2+ after chromatographic separation and elution 
according to the procedure described above was determined by 
spotting mixed solutions containing Hg^ "*" (10 ^ g) and various 
concentrations of interfering ions on the adsorbent layer 
(the amounts of the interfering ions in the mixture are given 
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in parentheses): 1192^"^ (50 pg) , Pb2+ (10 mg) , Cu2+ (10 mg), 
and Ni2+ (1.0 mg). The results are shown in Table 3.3, here 
it is seen that the proposed method allows the determination 
of Hg2+ (10 ug/10 ml) in the presence of Ni2+, Cu2+, ^92^'*'> 
and Pb2+ with a maximum error of + 5%. 
In order to establish the feasibility of the proposed 
method for the separation and estimation of mercuric chloride 
in river water and industrial wastewater, the solution of 
mercuric chloride (135.4 mg/100 ml) was directly prepared in 
river water or industrial wastewater. Ten microliters drop 
volume containing 10 ug of Hg2+ was spotted on the 
chromatoplate and the Rp value of Hg2+ was determined. As 
hoped, more compact spots for Hg2+ with a slightly increased 
Rp value (Rp = 0.95) than spots obtained with a standard 
sample of Hg2+ (Rp = 0.85, 10 ^ g Hg2+) were found. The dif-
ferent mobility of mercuric chloride may be attributed to 
co-migration of HgCl2 with the salts present in river water 
and industrial wastewater. For example, HgCl2 showed high 
mobility with 0.1% NaCl as solvent. 
3.3 RESULTS AND DISCUSSION 
The main points to emerge from this study are 
summarized below: 
(1) Among the solvent systems examined Sj was the best, 
providing better separations and sharp detected zones for 
cations. 
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(2) Among the adsorbents tried, Aj and A2 were found to be 
the best. The layers formed were of good quality, producing 
more compact and clear spots for most of the cations. 
(3) Ni2+, Cd2+, zn2+, and Fe2+ tailed at all 
concentrations of HCl as impregnant {A3-A6) while Al3+ tailed 
at lower concentrations of HCl. Other cations gave compact 
spots. Th^ **", Bi3+, Ag"*", Pb2+, and T1+ remained at initial 
points over the entire range of HCl concentration while Cu2+, 
UO22+, Vo2+, and Fe3+ gave constant but high Rp (Rp =0.7 -
0.9). Co2+ gave Rp = 0.53 and 0.9 on A3 and Ag, respectively, 
showing a gradual increase in its mobility with the 
concentration of HCl. 
(4) Rp values of most of the ions were higher on A4 than on 
A7, probably because of the greater complexing tendency of 
HCl than of HCIO4. Conversely, more compact spots were noted 
on HC104-impregnated SG layers. 
(5) Generally, the Rp value of roost of cations increases 
with the concentration of FA in mobile phase. 
(6) The Rp values for Hg2+, Cu2+, Pb2+, and Ni2+ were found 
to be independent of the pH of their salt solutions in the 
range of 0.5 - 7.0. 
The results obtained on various adsorbents prepared by 
impregnation of silica gel with different acids (carboxylic 
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and mineral acids) in various solvent systems are summarized 
in Figs. 3.1 - 3.3 and Tables 3.1 - 3.4. 
In order to study the effect of oxalic acid as 
impregnant on the mobility of cationsr the ARp (Rp on AQ -
Rp on Aj) in Sj and S15 for the cations was plotted as shown 
in Fig.3.1, where it is evident that with Si, metal ions 
either moved faster on Ag as indicated by positive values of 
ARp or maintained the same mobility on both adsorbents 
( ARp = 0). Thus oxalic acid-impregnated SG layers are more 
selective (strongly sorbing) than plain SG layers for most of 
cations. Similarly in S15 all cations except Vo2+ and Mn2+ 
were more strongly sorbed on Aj. 
Comparison of mobilities of cations on Aj, A4, A7, Ag, 
A9 in Si is shown in Figs. 3.2a and 3.2b. Generally Rp values 
were lower on oxalic acid-impregnated SG than on SG layers 
impregnated with other acids. Thus, a more selective sorbent 
phase for the TLC of cations may be produced by impregnating 
commercially available SG with aqueous oxalic acid. Co2+, 
Cu2+, U02^ "*', Fe-^"*"/ Hg2^ "*'f Hg^ "*", and Pb2+ gave compact spots 
(RL - RT < 0.3) and T1+ produced tailed spots (RL - R*^  > 
0.3) on Ai, A4, and A7-A9 adsorbents. In the case of formic 
acid-impregnated SG layers (A9, AIQ) few cations produced 
tailed spots. 
(X 
<3 
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Fig. 3.1 Plot ofAR (R on plain SG layers-
R on SG layers impregnated with 2? 
oxalic acid) Vs metal ions. 
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Fig. 3.2 Mobility of metal ions on mineral acid 
and carboxylic acid impregnated silica 
gel layers in ethyl acetate: acetone: 
formic acid; water [8:1:4:1) solvent 
system. 
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Table 3.1 Binary and Ternary Separations Actually Realized 
Various Stationary Phases Using Sj as Mobile Phase on 
Stationary 
phase 
100 X (RL - RT) values for separated 
metal ions 
Al 
A4 
As 
Hg22+ 
Cu2+ 
Zn2+ 
Cu2+ 
Cu2+ 
Cu2+ 
Cu2+ 
Pe3+ 
Fe2+ 
Zn2+ ( 
Cd2+ ( 
Zn2+ ( 
Cd2+ ( 
Cu2+ ( 
Fe3+ ( 
Fe3+ ( 
(10.0-0.0)-Hg2+ ( 
(10.0-0.0)-Fe3+ ( 
(15.00-0.0)-Al3+ ( 
(75.0-65.0)-vo2+ ( 
[70.0-60.0)-vo2+ ( 
[87.0-70.0)-V02+ ( 
[67.0-46.0)-V02+ ( 
[90.0-70.0)-Fe2+ ( 
[55.0-35.0)-Zn2+ ( 
100.0-77.0)-Tl+ ( 
80.0-64.0)-Tl+ ( 
100.0-75.0)-V02+ ( 
74.0-60.0)-Fe2+ ( 
80.0-70.0)-V02+ ( 
100.0-85.0)-Fe2+ ( 
100.0-85.0)-Cu2+ ( 
75.0-45.0) 
90.0-70.0) 
50.0-25.0) 
55.0-38.0)-Th4+ (15.0-0.0) 
40.0-30.0)-Th4+ (0.0-0.0) 
47.0-30.0)-Bi3+ (10.0-0.0) 
30.0-22.0)-w6+ (0.0-0.0) 
55.0-40.0) 
100.0-78.0) 
30.0-0.0) 
30.0-0.0) 
70.0-46.0)-Pb2+ (0.0-0.0) 
48.0-30.0)-Ag+ (19.0-0.0) 
65.0-48.0)-Zr4+ (0.0-0.0) 
43.0-15.0) 
60.0-40.0)-Th4+ (28.0-0.0) 
AlO 
Al4 
U022+ (85.0-75.0)-V02+ (75.0-67.0)-Cu2+ (55.0-40.0) 
Cu2+ (15.0-0.0)-Al3+ (50.0-25.0) 
Zn2+ (10.0-0.0)-Al3+ (30.0-15.0) 
Cu2+ (17.0-0.0)-V02+ (70.0-35.0) 
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Table 3.3 Spectrophotometric Determination of 10 fiq of 
Hg(II) in 10 ml, after its TLC Separation from Variable 
Amounts of Hg22"*'r Pb2+, Ni2+ and Cu2+. 
RL -
Hg2+ 
Hg2 + 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2+ 
Hg2 + 
Hg2 + 
RT values ( 
(0.75-1.0) 
(0.75-1.0) 
(0.65-1.0) 
(0.85-1.0) 
(0.65-1.0) 
(0.6-1.0) 
(0.65-1.0) 
(0.8-1.0) 
(0.7-1.0) 
(0.8-1.0) 
(0.8-1.0) 
(0.7-0.95) 
(0.64-0.8) 
of 
-
-
-
-
-
-
-
-
-
-
-
-
-
separ 
Hg22+ 
Hg22+ 
Hg22+ 
Hg22+ 
Pb2+ 
Pb2+ 
Pb2+ 
Ni2+ 
Ni2+ 
Cu2+ 
Cu2+ 
Cu2+ 
Cu2+ 
ating metals 
(0.0-0.0) 
(0.0-0.0) 
(0.0-0.0) 
(0.0-0.15) 
(0.0-0.15) 
(0.0-0.07) 
(0.0-0.15) 
(0.0-0.1) 
(0.0-0.65) 
(0.0-0.08) 
(0.0-0.05) 
(0.0-0.07) 
[0.0-0.08) 
Amount of 
foreign ion 
added (mg) 
5 X 10-3 
1 X 10-2 
2 X 10-2 
5 X 10-2 
0.5 
1.0 
10.0 
5 X 10-3 
1.0 
5 X 10-3 
2 X 10-1 
5 X 10-1 
1.0 
Amount of 
Hg (II) 
recovered 
( pg) 
9.6 
9.6 
9.5 
10.5 
9.8 
10.3 
9.6 
9.5 
10.0 
9.6 
9.5 
9.5 
10.5 
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Table 3.4 Recovery of Hg^ '*' from River and Industrial 
Wastewater Samples 
Sample Amount of Hg2+ Amount of Hg2+ Average Rp 
loaded (pg) recovered (pg) value 
River water 
Wastewater 
5 
8 
10 
14 
5 
8 
10 
14 
4.5 
8.0 
9.5 
12.8 
5.5 
9.1 
10.4 
13.0 
0.95 
0.95 
The results of the mobility of cations obtained on A5 
and A2 using Si as mobile phase are compared in Fig.3.3. 
Hg2^ '*' and Hg2+ gave poorly tailed spots ranging from 0.5 to 
0.9 on A5 whereas they gave well-formed spots on A2. Both 
sorbents (A2/ A5) can be used for the separation of Th^ "*" from 
UO2 2+ 
The separation efficacy of acid-impregnated silica gel 
layers has been demonstrated by achieving important 
separations using various solvent systems. A few separations 
are summarized in Table 3.1. In Table 3.2, (Rp x 100) values 
for some metal ions obtained on A2 with various solvent 
systems are tabulated. It is evident from Table 3.2 that 
cations move faster when chromatographed with mobile phases 
containing a higher proportion of FA. As a result we noted 
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• - 5 ' / . HCl O - 5 V . H C I 0 4 I T A I L E O S P O T 
Metal ions 
Fig. 3.3 Comparison of the effects of HCl 
and HClO. as impregnants on the 
mobility of cations in an ethyl 
acetate:acetone:formic acid:water 
(8:7:4:1) solvent system. 
U. 
Q: 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
A Ni' 
Cu^'.Pb 
2* 
Fig. 3.4 Effect of pH on R values of 
metal ions. 
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the maximum mobility in S4 compared to S0-S3. Al3+, Zn2+, and 
Cd2+ could not be detected in SQ. 
In S5-S8 (volumes of FA and water kept constant), no 
significant change in the Rp value of cations was observed. 
The colored spots of Ni2+ and Co^ "*" formed on chromatoplates 
with dimethylglyoxime becomes invisible a few seconds after 
their appearance. With S9 (acetone absent) and S^ o (ethyl 
acetate absent), Cd2+ gave double spots (Rp = 0.0 - 0.55 with 
S9 and Rp = 0.0 and 0.45 with SIQ) while Th4+ and A3+ produce 
tailed spots in both solvents. Detection of Al^ "*" was 
difficult. Zn2+, vo2+, Ni2+, and Fe2+ gave higher Rp in SIQ 
than in S9. 
hi and A2 in combination with S^ were found to be the 
most suitable system for the separation of Th^ "*" from U02^ and 
ii92^^f froin Hg2+ respectively. 
3.3.1 Effect of Aanions and pH 
Because of the environmental and technical importance 
of these separations, we tried to separate Hg2^ ''" from Hg2+ 
and Th^^ from 002^ "*" in the presence of common anions. It was 
noted that Hg2+ from Hg22"'" and U022''" from Th4+ can be 
successfully separated in the presence of CO32-, N02~r Cl~, 
Br", I", 103", Br03~, Cr2042-, and Cr2072~ anions. The ARp 
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values of Hg2+ - Hg22+ and Th4+ - 002^+ separation fall in 
the range 0.58 - 0.78 and 0.55 - 0.35 respectively, 
depending upon the nature of the anion present in the 
synthetic mixture of the cations concerned. Thus, this method 
may be applied to separate different valency states of 
mercury in river water and industrial wastewater, containing 
common anions. Furthermore the separation of Hg2+ from Ni2+, 
Cu2+, and Pb2+ is possible over a wide range of pH values (pH 
0.7-7.0) of the sample solution (Fig.3.4). 
The results of the sepectrophotometric determination of 
Hg2+ in river water and industrial wastewater (Table 3.4) 
showed a maximum error of + 10%. The reproducibility was 
excellent. Thus, the method developed may be safely 
recommended for semiquantitative determination of Hg2+ in 
various samples of river waters or industrial wastewaters 
without prior detection of Cu2+, Pb2+, Ni2+. Zn2+, and 
mercurous ions as well as without close control of the pH of 
the sample solution. 
Table 3.5 summarizes the results of physicochemical 
analysis of river water. 
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Table 3.5 Physicochemical Analysis of River Water 
Temp (**C) 26 
pH 8.3 
Turbidity (NTU) 15.0 
EC (pmhos) 130.0 
TSS 200.0 
TDS 110.5 
Acidity 
Total alkalinity 85.0 
Chloride 10.0 
Sulfate 3.0 
Phosphate 3.5 
Sodium 4.0 
Calcium 21.5 
Magnesium 8.0 
Dissolved oxygen 8.2 
BOD 2.8 
COD 8.4 
Note: All units except temperature, pH, turbidity and EC are 
expressed in mg/1. 
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CHAPTER-4 
CHAPTER-4 
CONPABATIVE STUDIES ON THE REMOVAL OF COPPER(II) FROM 
AQOBODS SOLUTION USING DIFFERENT ADSORBENTS 
4.1 INTRODUCTION 
Copper is introduced into natural waters through wastes 
from pulp, paper/ and paper board mills, petroleum refining, 
and wool preserving industries and from copper smelters etc. 
[1]. An average concentration of copper in a copper wire mill 
wastewater has been reported to be 800 mg/1 [2]. Municipal 
and storm water run-off also add large amounts of copper to 
the aquatic environment [3]. Water containing more than 1.0 
mg/1 of copper is not suitable for drinking purposes [4]. 
Excessive intake of copper results in its accumulation in the 
liver. The chronic copper poisoning is related to 
hemochromatosis and produces gastrointestinal catarrh when 
present in large amounts [5], It is also toxic to fish life 
when it is present in natural waters even in low 
concentrations [5]. The methods for copper(II) removal from 
wastewater include precipitation, ion exchange, electrolysis, 
adsorption on activated carbon etc. [1]. 
The adsorption processes for the removal of different 
pollutants have still been found to be economically appealing 
using suitable adsorbents and working out optimum conditions. 
Different adsorbents have been used in the past for the 
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treatment of copper(II) rich effluent at the solid solution 
interface [3, 6-9]. 
The use of activated charcoal poses an economic problem 
for developing countries like ours. The huge deposit of 
flyash around thermal power plant poses problem in its 
disposal. Alendum, an unconventional adsorbent is a clay 
mineral which is abundantly available. It is mostly used as 
the packing material in high temperature furnaces. 
A survey of the present literature has shown that the 
Alendum which is a suitable and promising adsorbent has not 
yet been used by the workers in this field. 
The aim of the present work is therefore to study the 
removal of copper(II) using Alendum as the adsorbent. The 
results have also been compared using activated charcoal and 
flyash. The effect of retention time, pH of the solution, 
concentration and temperature have also been studied. 
Probable mechanism of copper(II) adsorption at solid-solution 
interface has also been worked out. The optimized method has 
successfully been applied for the removal of copper from 
river water samples. 
4.2 EXPERIMENTAL 
4.2.1 Adsorbate: 
A stock solution of copper(II) (0.01 M) was prepared by 
dissolving CuCl2. 2H2O (BDH, Anal R) in doubly distilled 
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water and standardised complexometrically with EDTA (disodium 
salt) using PAN indicator [10]. 
4.2.2 Adsorbents Dsed: 
(i) Flyash is a powdered material produced by the combustion 
of pulverized coal in thermal power plants. It was obtained 
from Kasimpur Thermal Power Plant, Aligarh (UP, India). 
(ii) Alendum is a waste material which is used for the 
packing purposes in high temperature furnaces. It was 
collected from the metallurgical laboratory, A.M.U., Aligarh, 
(India). 
(iii) Activated Charcoal (E. Merck, India) was used. 
All the three adsorbents were washed with double 
distilled water filtered and dried at + lOS^C. After drying 
the adsorbents were sieved 100-200 mesh size and used was 
such without prior treatment. The chemical composition of 
flyash and alendum as determined by standard methods [11] and 
is given in Table 4.1. 
4.2.3 Reagents 
EDTA from E. Merck, (India), acetic acid from BDH, PAN 
indicator from E. Merck AG Darmstadt, were used. All other 
reagents were of analytical grade. 
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Table 4.1 Cheaical Composition of Flyash and Alendum (% by 
weight) 
Constituents Flyash Alendum 
Si02 56.40 8.05 
AI2O3 24.33 71.85 
MnO - 0.01 
MgO 2.59 1.06 
CaO 1.19 12.00 
Na20 1.20 1.38 
K2O 0.72 0.20 
Ti02 l.Bl 0.14 
P2O5 0.24 0.01 
Loss in ignition 6.87 3.79 
Fe203 4.93 1.34 
4.2.4 Apparatus 
A digital pH meter (CP 901 model, India) was used for 
pH measurement and a temperature controlled shaker was used. 
4.2.5 Procedure 
Batch operations were conducted in which aliquots of 
copper(II) solution of known concentrations were introduced 
into 125 ml stoppered glass bottles containing 0.5 g of the 
adsorbent per 50 ml of the solution of adsorbate. The bottles 
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were shaken at room temperature {25®C) using an electric 
shaker for 2 h in order to attain equilibrium. The adsorbent 
was then removed by filtration. The equilibrium 
concentration, Ce of copper(II) was estimated complexo-
metrically with EDTA using PAN indicator [10]. Blank 
solutions were similarly treated (without adsorbent) and the 
recorded concentration by the end of each operation was taken 
as the initial one. 
A 1.0 N NaOH or HCl solution was used for varying the 
pH of copper(II) solution in order to study the effect of pH 
on the removal of Copper. 
4.2.6 River Hater Sample 
Water samples were collected from the river Ganga and 
stored in the laboratory at 28<'C. Physiochemical analysis of 
the river water was carried out following Standard Methods 
for Examination of Water and Wastewater [12] given in Table 
3.5 of Chapter 3. 
In order to establish the feasibility of the proposed 
method/ it was tested for the removal of copper(II) from 
river waters. For this purpose a standard solution of cupric 
chloride (1 x 10"^ M) was prepared directly in river water 
(Ganga sample). The pH of the river water was adjusted to the 
optimized pH value 6.0. The adsorption studies were 
conducted similarly as described in section 4.2.5. 
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4.2.7 Adsorption Model 
To quantify the adsorption capacity of all the three 
adsorbents i.e., flyash/ alendum and activated charcoal for 
the removal of copper(11) from water, the Langmuir and 
Freundlich equations were applied: 
(1) Langmuir nodel: 
According to this model Langmuir proposed 
Ce/Aro = 1/k . 1/b + (l/b) .Ce 
where Ce is the equilibrium concentration (mol/1) and Am is 
the amount adsorbed per specified amount of adsorbent (mg/g)/ 
K is the equilibrium constant and b is the amount of 
adsorbate required to form a monolayer. Hence a plot of Ce/Am 
versus Ce should give a straight line with a slope l/b and 
intercept as 1/k.b. 
(ii) Freundlich nodel 
According to this model 
Am = K . Ce ^/^ 
or In Am = In K + 1/n . In Ce 
where all the terms have the usual significance and 'n* is an 
empirical constant. Thus a plot of In Am Vs In Ce should 
give a straight line with a slope 'l/n* and intercept 'In K*. 
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This model deals with the multilayer adsorption of the 
substance on the adsorbent. 
The plots of Ce/Am Vs Ce and In Am Vs In Ce are shown 
in Figures 4.6-4.8. The points indicates the observed data 
and the lines corresponds to the fitted data. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Tiae of equilibration 
The variation of adsorption of Cu(II) with time is 
shown in Figure 4.1. The equilibrium was attained after 
shaking for 1.5 h in case of alendum and charcoal and 2 h in 
case of fly ash. Therefore, for all experiments the optimum 
shaking period was taken as 2 h. The difference in attainment 
of equilibrium for fly ash is most probably due to the 
difference in composition, surface area and structure. 
4.3.2 Effect of pH 
The effect of pH on the adsorption of Cu(II) is given 
in Figure 4.2. It shows that below pH 4, the adsorption of 
copper(11) is insignificant on flyash, alendum and activated 
charcoal. In case of all the three adsorbents the per cent 
adsorption increased with increasing pH upto certain value 
and then decreased slightly with further increase of pH. The 
maximum adsorption took place around pH 5.8 in all cases. The 
variation in the removal of Cu(II) with pH of the solution 
may be explained on the basis of ion exchange mechanism. The 
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metal oxides present in the adsorbent form aquacomplexes in 
the presence of water dipoles and develop positively or 
negatively charged surface through amphoteric dissociation at 
varying pH values [13] in the following manner. 
H /^OH 0" /^OH 
(BASIC DISSOCIATION) (ACIDIC DISSOCIATION) 
where, M s t ands for S i , Al e t c . 
The zero point charge thus developed in acidic medium 
does not favour the association of cationic adsorbate 
species. However, beyond pH 3 the adsorbent surface gradually 
starts to become negatively charged which offers the suitable 
sites for the adsorption of copper(II) as follows: 
s OiL \ -
•^M-OH ,, 7MO • H20 II 
r>0-1.Cu2*—"^""""^^Cu —-III 
The pHgpc for alumina and silica has been reported 8.2 
and 2.3 respectively [14]. The change in solubility of 
alumina with pH shows a maxima near the neutral pH region, 
whereas, in the case of silica the change is not pronounced 
[13]. This suggests that a relatively small number of alumina 
sites will be available for the adsorption of copper(II) at 
pH > 6.0. Thus, the major scheme for the adsorption of Cu(II) 
may be written as 
[^S.o]*Cu2* 7-^;^ -Si-Ox^ 
Cu IV 
7Si—0^ 
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However, at lower pH, the interaction of copper(II) 
ions with alumina sites are also likely to occur as follows; 
AI OH • Cu^* ^ Al 0 Cu* • H* V 
The decreasing trend of adsorption above pH 6.0 may be due to 
the formation of soluble hydroxy complexes. 
According to Baes and Mesmer [15]/ as the solution pH 
is increased, the onset of metal hydrolysis and precipitation 
began at pH > 6 for copper. As solution pH is increased the 
onset of adsorption therefore occurs before the beginning of 
hydrolysis. The onset of adsorption occurred at a lower pH 
than the beginning of hydrolysis which agrees with earlier 
work on adsorption of some metals on Si02 and Ti02 [16]. 
The hydrolysis of cations occurs by replacement of 
water ligands in the inner co-ordination sphere with hydroxo 
groups [17]. This replacement occurs after the removal of the 
outer hydration spheres of the metal cations. Adsorption may 
not be related directly to the hydrolysis of the metal ion, 
but instead of the outer hydration spheres that precedes 
hydrolysis. This type of behaviour has also been observed for 
other hydrolyzable metals [18]. 
4.3.3 Effect of pH on Desorption 
The results presented in Figure-4.2 show that the 
extent of desorption of Cu(II) from the adsorbents increases 
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by decreasing the pH of the solution from 6.0 to 1.0 at 250c. 
An approximately linear relationship is obtained for the 
amount adsorbed and the pH of the aqueous suspension which is 
similar to the findings of other workers [19,20]. 
The rate of desorption of copper(II) from the adsorbent 
is slow from pH 6.0 to 3.0 but fast desorption was observed 
from pH 3.0 to 1.0 so much so that 100% copper(II) was 
desorbed from the adsorbent at pH 1. Probably in the former 
range of pH, desorption of physically adsorbed species is the 
major phenomena while in the later range, the chemisorption 
accompanied with ion exchange is the dominating process as 
suggested by Choudhury and Vaidya [21]. 
4.3.4 Effect of Temperature 
The adsorption of copper(II) on flyash from 25-50^0 is 
passing through a maxima at 30°C. The enhanced adsorption 
might be due to the desolvation of the adsorbing species, 
changes in the size of the pores and enhanced rate of 
intraparticular diffusion of adsorbate [22]. But after 30^0, 
the desorption of the adsorbate increases leading to a net 
decrease in adsorption from 30-50OC. The per cent adsorption 
decreases sharply above 40^0 due to enhanced rate of 
desorption. The decreasing trend of adsorption with 
temperature in the case of flyash is mainly due to the 
weakening of adsorptive forces between the active sites of 
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flyash and the adsorbate species, and also between the 
adjacent molecules of adsorbed phase [14]. The extent of 
decrease in adsorption of solute of definite concentration 
with increase in temperature depends on the nature of the 
adsorbent-adsorbate system. Taylor and Sickman [23] 
demonstrated that the time rate curves for a system at 
various temperatures interact each others as a result of 
decrease in the extent of adsorption with rise in 
temperature. 
In the case of alendum and activated charcoal, the per 
cent adsorption remain almost equal and constant between 25-
40OC. Above 40OC, the per cent adsorption decreases in both 
the cases so much so that the adsorption capacity of alendum 
and flyash becomes equal at SO^ C^ but that of activated 
charcoal remains slightly higher (Figure 4.4). 
The constant adsorption capacities of alendum and 
activated charcoal in a specific temperature range suggests 
that probably the surface adsorption as well as the ion 
exchange process of copper on these two adsorbents occur 
simultaneously. With the rise in temperature, the desorption 
of copper(II) ion due to enhanced kinetic energy is 
compensated with the enhanced rate of ion exchange. But the 
former process overcomes the later one above 40^0 leading to 
net decrease in per cent adsorption. 
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4.3.5 Effect of Concentration 
The effect of initial concentration of solute (copper) 
at pH 6.0 and 25<>C on the adsorption process is shown in 
Figure 4.3. It was found that : 
i) more than 98% copper was removed by alendum in the 
concentration range 1 x lO""* M (17.054 mg/1) - 1 x 10"^ M 
(170.54 mg/1). 
ii) upto 95% copper(II) was removed in concentration below 
4 X 10~* M (68.216 mg/1) and about 85% removal was achieved 
in the concentration range between 4 x 10"* M - 1 x 10"^ M by 
activated charcoal. 
iii) flyash has been found suitable for the removal 
of more than 80% copper in lower concentration range 
only (< 1 X 10-4 M ) . 
4.3.6 Adsorption Isothern : 
The values of Am, Ce, Ce/Am are summarized in Tables 
4.2(a-d) and the related parameters for the fitting of 
Freundlich as well as Langmuir equations are given in Table 
4.3 for comparison. The isotherm plots for all the three 
adsorbents are shown in Figures 4.6-4.8. 
Freundlich adsorption isotherm is obeyed by activated 
charcoal whereas Langmuir type adsorption process is followed 
in case of flyash. However, alendum shows close resemblance 
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between both types of adsorption processes which is evident 
from the values of the regression coefficients of fittings, 
R. Furtherr the shapes of both the adsorption isotherms are 
unique in their features. Also the values of R are 
sufficiently lower than those of activated charcoal and 
flyash as well as farther from unity. This indicates that 
besides surface adsorption some other mechanisms of uptake 
are prevailing sufficiently in alendum and responsible for 
the enhanced uptake capacity of this material for copper(II). 
The chemical analysis of the two adsorbents show that 
the silica and alumina (2.3:1) are the major components of 
flyash whereas in alendum, the alumina is the only major 
component (72%) which is three times that of present in 
flyash. Thus, it can be concluded that alumina is playing a 
keyrole in the removal of copper from water through the 
process of ion exchange accompanied with adsorption. 
It has already been noted earlier, that this process is 
highly prone to pH [24] . Actually H"*" and OH" ions are the 
potential determining lattice ions for various inorganic 
salts. Foxall et al. [25] have shown that the pH may have a 
role secondary to that of the fundamental potential 
determining lattice ions, simply serving to control the 
solution equilibria between free potential determining ions 
and those in the form of solution complexes. 
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Table 4.2 Fitting of Preundlich and Langmuir Equations 
(a) Adsorption of Cu(II) on Activated Charcoal 
Studies at 250C. 
Am Ce In Am in Ce 
6.2904E-04 
1.2580E-03 
2.4145E-03 
3.4311E-03 
5.3373E-03 
l.OOOE-06 
2 .000E-06 
2 .000E-05 
6 .000E-05 
1 .600E-04 
- 7 . 3 7 1 3 
- 6 . 6 7 8 1 
- 6 . 0 2 6 2 
- 5 . 6 7 4 8 
- 5 . 2 3 3 0 
-13 .8155 
-13 .1224 
•10.8198 
•9 .7211 
•8.7403 
(b) Adsorption of Cu(II) on Fly ash 
Studies at 250C 
Am Ce Ce/Am 
5.4644E-04 
7.4341E-04 
9.0862E-04 
9.3785E-04 
8.7431E-04 
1.0801E-03 
1.400E-05 
8.300E-05 
2.570E-04 
4.524E-04 
6.624E-04 
8.300E-04 
2.5620E-02 
1.1164 
2.8284 
4.8238 
7.5762 
7.6839 
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(c) Adsorption of Cu(II) on Alendum. 
Studies at 250C. 
Am Ce In Am In Ce 
6.2904E-04 
1.2580E-03 
2.5288E-03 
3.7933E-03 
5.0514E-03 
6.2269E-03 
l.OOOE-06 
2 .000E-06 
1 .999E-06 
3 .000E-06 
4 .999E-06 
2 .000E-05 
- 7 . 3 7 1 3 
- 6 . 6 6 7 8 
- 5 . 9 7 9 9 
- 5 . 5 7 4 5 
- 5 . 2 8 8 0 
- 5 . 0 7 8 8 
•13.8155 
•13.1224 
•13.1224 
•12.7169 
•12.2061 
•10.8198 
(d) Adsorption of Cu(II) on Alendum. 
Studies at 250C 
Am Ce Ce/Am 
6.2904E-04 
1.2580E-03 
2.5288E-03 
3.7933E-03 
5.0514E-03 
6.2269E-03 
l.OOOE-06 
2.000E-06 
1.999E-06 
3.000E-06 
4.999E-06 
2.000E-05 
1.5897E-03 
1.5897E-03 
7.9085E-04 
7.9086E-04 
9.8981E-04 
3.2118E-03 
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The charging mechanism [26] of inorganic oxides such as 
Si02/ Ti02f ^^^ AI2O3 relies on the presence of ionizable 
groups on the solid surface, these being assumed to be 
amphoteric hydroxylated groups. The charging mechanism can 
ideally be represented as : 
H * H * _ 
MOH2* '' MOH ^ " M O 
Hence, an entirely different workable model will be 
required for the alendum and not the simple Freundlich and 
Langmuir model. 
A rather different surface charging mechanism is 
illustrated by alendum, a type of clays. These layer 
silicates are built up from two dimensional arrays of silicon 
- oxygen tetrahedra and aluminium (or magnesium) - oxygen -
hydroxyl octahedra superimposed in various ways. Because of 
the substitution of some A1J(III) for Si (IV) in the silica 
tetrahedra, or Mg(II) for Al(III) in the octahedral layer, 
the crystals possess a net negative charge which is primarily 
independent of solution conditions. The edges of clay 
particles, however, exhibit a pH - dependent surface charge 
akin to that on oxide surfaces and which is due to 
hydroxylation and subsequent ionization of broken Si-0 and 
Al-0 bonds [27] . 
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4.3.7 Kinetics o£ the Adsorption Process 
When the solution containing Cu2+ ions is shaken, the 
adsorbate species (Cu2+ ions) are transported to the solid 
phase by intraparticle transport phenomena [28]. The 
intraparticle transport is supposed to be the rate 
controlling step. The rate of particle transport through this 
mechanism is slower than adsorption on exterior surface site 
of the adsorbent. The amount of adsorbed species varies 
proportionately [29] with a function of retention time. By 
plotting log (% adsorption) Vs. log (time) of the results 
given in Figure 4.5 a straight line is obtained. This can be 
« 
expressed as, 
X = Kt • t"*, where 'x' is the % adsorption, 't' is 
the shaking period in hours, 'm' is the slope of the linear 
plot, and 'Kt' is constant coefficient. The deviation of the 
line from origin indicates that intraparticle transport is 
not the only rate limiting step [20]. 
Probably, the transport of the adsorbate (copper) from 
the solution through the particle solution interface, into 
the pores of the particles as well as the adsorption on the 
available surface of the adsorbents (i.e., flyash, alendum 
and activated charcoal) are both responsible for adsorption. 
4.3.8 Removal of Copper(II) from River Water 
After optimizing the conditions, all the three 
adsorbents were tried for the removal of copper(II) from 
C u { n ) C o n c n . = 1 XIO'-^M, pH= 6. 0, Temp. = 25°C 
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river water-sample. The results obtained are shown in Table 
4.4. Activated charcoal was found to be very much effective 
for the removal of copper(II) showing about 100% removal 
efficiency. The uptake capacity of the adsorbents was found 
in the following order: 
activated charcoal > alendum > fly ash 
Thus, the results of these investigations are quite 
useful in developing an appropriate technology for designing 
a wastewater treatment plant for the removal of copper(II). 
This process is economically feasible and easy to carry out. 
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Table 4.4 Renoval of Copper(II) from Ganga River Water by 
Adsortion. 
Conditions: Initial Concentration of Cu(II) » 10.573 mg/l 
Contact Time = 2 h 
pH = 6.0, Temp. = 30^0 
Adsorbents 
Flyash 
Alendum 
Activated 
Used 
charcoal 
Amount adsorbed 
(mg/l) 
8.015 
8.526 
10.573 
% Adsorption 
75.80 
80.64 
100.00 
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CHAPTER-5 
CHAPTER-5 
SORPTION STUDIES ON THE REMOVAL OF TOXIC METALS FROM 
ELECTROPLATING WASTE USING IRON(III) HYDROXIDE 
5.1 INTRODUCTION 
The electroplating industry is one of the major 
contributors of heavy metal pollution in surface waters 
[1,2]. A large number of papers have been published in past 
decades and many facets are being explored, in order to 
minimize their contamination based damage to the aquatic 
environment and its aesthetics beyond the reasonable limit 
[3] and different techniques for their removal have been 
proposed [4,5J. 
In recent years surface chemistry using the adsorption 
technique for removal and the recovery of heavy metals has 
received global attention [6-8]. Most of the papers deal 
with the removal and recovery of single heay metal ions and 
that too from synthetic systems. The electroplating wastes 
contain different metals viz.: Or, Ni, Cd, Zn, Cu etc. 
In this chapter, an attempt has been made to study the 
removal and recovery of the metal ions from plating 
wastewaters by using the physical phenomenon of adsorption. 
Much attention has been paid to optimize the effective 
abatement conditions in a cost effective manner. Iron(III) 
hydroxide has been used as the adsorbent. Besides studies on 
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physicochemical parameters, anionic influence has also been 
studied. 
5.2 EXPERIMENTAL 
5.2.1 Reagents 
All reagents used were of analytical grade. Stock 
solution (2% w/v) of Fe(III) was prepared by dissolving 
ferric chloride in 0.1 N HCl. 
5.2.2 Collection of Samples 
Morris Bajaj Lock Factory is situated in the industrial 
area of Aligarh, U.P. (India) where electroplating of locks 
and other building materials are done. 
The samples of electroplating effluents were collected 
from the discharge point of the factory and stored at O^C 
before analysing the physicochemical parameters. In order to 
evaluate the quality of the waste, the effluent sample so 
collected were tested for colour, temperature, turbidity, pH, 
dissolved oxygen (DO), biochemical oxygen demand (BOD), 
chemical oxygen demadn (COD), nitrates, chlorides, sulfates, 
sodium, calcium and heavy metals [9]. 
5.2.3 Apparatus 
The determination of physicochemical characteristics 
was done using a Hach DR-EL/4 model spectrophotometer and the 
analysis of heavy metals was carried out by GBC 901 model 
atomic absorption spectrophotometer. 
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5.2.4 Procedure 
A suitable amount of 2% Fe(III) and original 
electroplating waste were pipetted into a volumetric flask in 
the ratio 1:1. The pH of the mixed solution recorded was 
about 1.5. The mixed solution thus obtained was taken (20 
ml) in a 100 ml beaker and its pH was adjusted in the range 
2-12 by adding 1.0 N NaOH so that a precipitate was formed. 
The suspension formed was stirred for 30 min. at a rate of 
200 rpm. Filtration was carried out on a glass filter (3G4) 
instead of filter paper [7]. All the pH values reported were 
measured just prior to the filtration. 
5.3 RESULTS AND DISCUSSION 
Physicochemical parameters investigated for the sample 
are summarized in Table 5.1. It is evident from the results 
that the concentration of Cr, Ni, Cu, Zn are alarmingly 
higher than the effluent guide line [1] viz. 50.8; 10.0; 
3.14; and 56.3 mg/litre respectively. 
5.3.1 Role of pB Vs Adsorption 
The results shown in Figure 5.1 indicate that, pH is 
playing an important role in the removal of heavy metals from 
the effluents. The pH dependence of heavy metal ions may be 
explained on the basis of the distribution of metal ion 
species in the solution at different pH values and the 
surface properties of the adsorbent [8,10,11]. The mechanism 
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Table 5.1 Physicochemical Characteristics of Morris Bajaj 
Electroplating Waste 
Colour 
Temperature (°C) 
Turbidity (FTU) 
Dissolved oxygen 
Biochemical oxygen demand 
Chemical oxygen demand 
Sulfate 
Chloride 
Nitrate (Nitrogen) 
Sodium 
Calcium 
Chromium 
Nickel 
Copper 
Zinc 
Cadmium 
Yellowish 
28.0 
180.0 
2.5 
33.0 
108.0 
1000.0 
162.0 
50.8 
150.0 
220.0 
50.8 
10.0 
3.14 
56.30 
0.028 
All units except colour» temp., pH and turbidity are 
expressed in mg/1 
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of the phenomenon could be considered analogous to the 
prediction by Aoki and Munemori 17] via zero point of charge 
(pHzpc) and surface potential, Vo [12]. The freshly 
precipitated iron gel (point of zero charge at pH 8.1) 
strogly and specifically adsorb metal ions from solution [13] 
at the surface consisting of several distinct groups of 
binding sites [14]. 
The summary of the results shown in Figure 5.1 
indicates the commencement of precipitation above pH 2.0 and 
ceasing of co-precipitation above pH 11.0. The degree of 
adsorption of metal ions followed a trajectory of a 
projectile with increased negative logarithm of hydrogen ion 
concentration, i.e. first increasing, reaching the peak and 
then traversing down hill. This could be attributed to the 
surface potential dependence upon pH [12]. Hydrogen ion 
concentration at which maximum adsorption occurs is found to 
be a characteristic feature. The per cent adsorption of 
Cr,Cu, Ni and Zn ions have been found to be 99, 91, 99 and 95 
corresponding to pH values 6, 9, 10, and 11 respectively. 
Cadmium was not detected above pH 3. Adsorption occurred at a 
pH lower than that for hydroxide precipitation although the 
adsorption pH sequence are related to cation hydrolysis and 
hydroxide precipitation [13]. Therefore, it can be concluded 
that beside columbic interactions between the precipitate and 
the metal species, probably some surface complexation 
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reaction is occurring in solution [15]. A rapid decrease in 
per cent adsorption has been observed beyond pH 11. The 
values obtained clearly indicate that the most convenient 
range of pH, enabling maximum removal (> 90%) of all the 
metal ion pollutants from plating waste is 8 to 9. It has 
already been indicated that co-precipitation with iron(III) 
hydroxide and that with aluminium hydroxide at pH 8.5 
improves the metal ion's removal [16,17]. This makes the 
effort certainly more practical to be applied for the 
treatment of electroplating discharges in an economical 
manner. 
An attempt has also been made to study the adsorption 
of other anions on iron(III) hydroxide. The data obtained 
have shown that at a pH value of 4, 98% of the 804^" have 
been adsorbed. Adsorption of nitrate has also been observed 
below pH 6. The desorption of 504^" takes place with the 
increase in pH shown in figure 5.2. The observation may 
presumably be attributed in an anion exchange reaction 
occurring between anions of heavy metals at 3042" on the 
iron(III) hydroxide [7]. 
5.3.2 Role of Anions Vs Recovery 
The adsorption behaviour of ligands and ligand metal 
complexes strongly affects the transport of trace metals via 
the solid/solution interface. Strongly complexing, non 
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adsorbing ligands at appropriate concentrations reduce the 
metal ion adsorption by complexing the metal in solution 
[18]. 
The role of anions on the adsorption of metal ions have 
been studied using synthetic solutions [7, 19]. Therefore, it 
was conceived to apply the technique on actual samples of 
electroplating wastes in which not only Cr (VI) is in 
abundance but also other heavy metals such as Cu, Ni, Zn and 
Cd are present beyond the permissible limit. It has been 
reported that some anions like chlorides and nitrates are 
physically adsorbed at the liquid/oxide interface [2]. These 
anions are attracted by the positively charged oxide surface 
via electrostatic forces. On the other hand, sulphates, 
phosphates, molybdates and similar anions are chemisorbed. 
Hence, fluoride, nitrate, sulphates and phosphates were 
chosen as the representatives of two groups, in order to 
ascertain the role of anions on the process. The different 
concentrations of anions (1.0, 0.1 and 0.01 M) having same 
cationic group were added in the suspension at pH 8.5, a 
value which is most appropriate for maximum adsorption of the 
metal ions. Results obtained have been given in Table 5.2 
and graphically represented in Figure 5.3. The values 
obtained clearly indicate that the role of phosphate is much 
more pronounced than that of other anions, particularly in 
case of Ni, Cu and Zn. The sulphate ions predominantly 
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Table 5.2 Percent Desorption of Chromium, Nickel, Copper 
and Zinc in Presence of Varying Concentration of Anions 
Studies at pH 8.5 
Metal ions 
Chromium 
Nickel 
Copper 
Zinc 
Anions added 
Nitrate 
Sulfate 
Fluoride 
Phsophate 
Nitrate 
Sulfate 
Fluoride 
Phosphate 
Nitrate 
Sulfate 
Fluoride 
Phosphate 
Nitrate 
Sulfate 
Fluoride 
Phosphate 
% desor 
concent 
0.01 M 
74.58 
92.40 
7.40 
83.51 
36.78 
40.11 
33.33 
31.50 
39.81 
57.09 
0.3 
72.91 
34.0 
36.9 
41.2 
67.9 
ption at di fferent 
ration of anions 
0.1 M 
77.27 
93.54 
76.19 
86.18 
47.40 
82.87 
54.95 
61.08 
44.68 
69.90 
62.42 
79.43 
37.33 
44.20 
42.80 
72.00 
1.0 M 
82.42 
96.60 
89.57 
87.12 
64.40 
85.00 
69.51 
84.63 
55.78 
77.19 
63.06 
94.21 
39.80 
53.10 
60.40 
80.30 
Note: Initial concentration of Chromium, Nickel, Copper, and 
Zinc is 50.8, 10.0, 3.14, 56.3 mg/1 respectively. 
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influence in case of chromium. It is therefore evident that 
with inclusion of anions, adsorption follows negative trend 
i.e., desorption of the metal ions takes place. The impact 
of various anions was found to be of the order N03~ < F~ < 
S04^~ < P04^~ except in case of chromium where it was 
observed to be of the order N03~ < PO^^' < F" < SO42". On 
this basis this can be inferred that anions act as inhibitors 
in the adsorption phenomenon. Further the concentration of 
anions also have bearing on the recovery of the metal ions 
and it has been observed that higher is the concentration of 
an anion, greater is the desorption and vice-versa. 
Therefore, it is necessary to make pretreatment of the 
effluent for checking anionic hindrance, in order to make the 
technique more effective. 
These investigations on the adsorption of toxic metal 
ions from electroplating waste using iron(III) hydroxide as 
an adsorbent have shown that the treatment could be applied 
for the removal of heavy metal ions such as Ni, Cu, Cr, Zn 
and Cd from the effluent prior to their discharge into the 
aquatic environment. The optimum abatement conditions have 
been arrived at and found to be mainly dependent on the pH of 
the system. Further studies on the role of anions and their 
concentraiton show that the technique could be a valuable 
tool for the recovery of the precious heavy metals from the 
waste. We would at least forecast that the method proposed is 
suitable enough for an in-plant effluent quality control. 
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CHAPTER-6 
CHAPTER-6 
SAW DUST - AS THE SCAVENGER OF COPPER(II) 
"A THERMODYNAMIC STUDY" 
6.1 INTRODUCTION 
In continuation of the previous work, the possible 
utility of saw dust has been worked out in search of cheap 
indigenous technology for the removal of metal ions. 
It has been reported that some aquatic plants [1.7], 
agricultural by products like rice husk ash, bagasse, paddy 
husk, paddy straw, onion skin, and garlic skin [8,9], waste 
tea leaves [10] and saw dust [11] have the capacity to adsorb 
and accumulate heavy metals. 
The aim of the present work was to carry out a 
comparative study of the behaviour of chemically treated and 
untreated saw dust for the uptake of copper(11) ion from 
aqueous solution. 
The effect of pretreatment, time, pH, temperature, 
dose, particle size, and salinity on the removal efficiency 
of copper(II) have been studied. The adsorption isotherms and 
probable mechanism for treated and untreated saw dust have 
also been described. The appropriate thermodynamic parameters 
viz: Ink, AG, LS and£kH have been calculated and discussed. 
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6 . 2 EXPERIMENTAL 
6.2.1 Absorbate 
A stock solution of copper(II) was prepared and 
standardised complexometrically with EDTA as described in 
chapter 4, section 4.21. 
All the reagents used were of analytical grade and the 
same apparatus were used as mentioned in Chapter 4. 
6.2.2 Adsorbent Used 
Saw dust was used as an adsorbent for the removal of 
copper(II) from aqueous solution. It was collected from the 
timber working shop situated near the university campus. Saw 
dust was washed to clean the adhering dirt, rinsed thoroughly 
with double distilled water and finally dried in an air oven 
at lOQOc. After drying the adsorbents were seived (lOOp) and 
used as such. 
6.2.3 Treatment of the Saw Dust 
In order to study the effect of chemical treatment on 
removal efficiency of copper(II) from aqueous solution, 
different treatment reagents viz: Na OH, NaCl, Na2S, Na2HP04 
were tried. For this purpose about 10.0 gram of the dried saw 
dust was weighed and soaked in 100 ml of the pretreatment 
reagent of known concentration (1.0 N). After a given soaking 
time (1.5 h), the solution was filtered and the saw dust 
washed and rinsed several times with distilled water. The 
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absorbent was then finally dried at lOO^C and kept in 
polyethylene bottle. 
6.2.4 Adsorption Studies 
Samples of the 0.5 gram of the saw dust (treated as 
well as untreated) were shaken with 50 ml of copper(II) 
solution of different concentrations at 30°, 40® and 50<^ C for 
a prescribed length of time. The equilibrium is reached 
within this period (1 h). The equilibrating solutions were 
then filtered and titrated to find out the equilibrium 
concentration as described in Chapter 4, Section 4.2.5. The 
amount of copper(II) adsorbed on saw dust (mg/g) was 
calculated as the difference of initial and final equilibrium 
concentrations (mol/l) i.e.; 
Am = Ci - Ce 
To study the fitting of Freundlich and Langmuir 
equations: 
In Am = In K + 1/n In Ce I 
Ce/ Am " 1/K 1/b + (1/b) Ce II 
the plots of In Am Vs In Ce and Ce/Am Vs Ce were drawn 
(Figure 6.3, 6.4 and 6.7) respectively. The points indicate 
the observed data and the line corresponds to the fitted 
data. 
Out of the different models available in the 
literature, a computer simulation technique have been applied 
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to fit the Freundlich and Langmuir equations for the 
adsorption data. The coefficients of least square fitting to 
a straight line (R) were computed for these two models. 
The thermodynamic parameters In k, ^G,^S, and AH 
were computed from the equations given below. In K was 
calculated from the intercept (1/kb) of the Langmuir 
isotherm. 
The free energy change ( AG) was calculated from the 
relation, AG = - RT In K 
Similarly, the enthalpy change H between 30^ to 50<^ C was 
computed from the following equation 
-A H 
In K = + C 
RT 
and the entropy was calculated from the equation, 
AG = AH - T AS 
To study the effect of salinity on the removal of 
copper(11), the varying amount of solid sodium chloride (0.25 
- 12.0 g/50 ml) was added and dissolved completely in 
copper(II) solution and kept for 1.5 h in a temperature 
controlled shaker maintained at 250C. Blank solutions were 
similarly kept (without NaCl), 
The optimized method was finally applied for the 
removal of copper(II) from Ganga River water sample. 
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6.3 RESULTS AND DISCUSSION 
6.3.1 Effect of Pretreatment 
The per cent removal of copper(II) achieved by the 
treated saw dust is given in Table 6.1 The chemical treatment 
method has been found quite useful as the removal efficiency 
of saw dust has significantly been enhanced. Although, the 
treatment of disodium hydrogen phosphate did not exhibit any 
major change in adsorption capacity. However, the alkaline 
treatment (1.0 N sodium hydroxide) of the adsorbent has been 
found most effective and suitable for adsorption of 
copper(II) from aqueous solution. The study on the 
effectiveness of the various pretreatment process using 
different pretreatment reagents was carried out by comparing 
the % removal efficiency of the saw dust for copper(II). 
The following order of the chemically treated saw dust 
was observed. 
NaOH > NaCl > Na2 S > Na2 HPO4 
Therefore, saw dust treated with sodium hydroxide was 
chosen to study its adsorption behaviour towards copper(II) 
containing solution as it was found to be the most efficient. 
6.3.2 Time of Equilibrium: The change of adsorption of 
copper(II) with time is presented in Figure 6.1. The 
adsorption increases with increasing contact time and the 
equilibrium was attained after shaking for 1 h. Therefore in 
each experiment, the shaking time was set 1.5 h. 
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Table 6.1 Renoval Efficiency of Chenically Treated Saw Dust 
Treatment Total adsorption % adsorption 
reagent of Cu(II) (mg/1) 
(1.0 N) 
Na2HP04 14.58 85.5 
Na2 S 15.69 92.0 
NaCl 16.71 98.0 
NaOH 16.88 99.0 
Untreated 13.81 81.0 
Initial concentration of copper = 17.054 mg/l 
Temperature = 25^C 
Contact time = 1.5 h 
Particle size = 100 p 
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6.3.3 Effect of pH : The effect of pH on the adsorption of 
copper(II) on saw dust is presented in Figure 6.2. The pH of 
the aqueous solution is an important controlling parameter in 
the adsorption process [12] and thus the role of hydrogen ion 
concentration was examined from solutions at different pH 
covering a range of 1.0-6.0. With increase in pH of the 
solution the extent of removal was found to range from zero 
to 60%. The peak percentage adsorption of copper(II) was 
attained at pH 6.0. At lower pH valuer the H"*" ions compete 
with metal cation for the exchange sites in the system, 
thereby partially releasing the latter. The heavy metal 
cations are completely released under circumstances of 
extreme acidic conditions [13] . The reasons of the maximum 
adsorption at pH 6 are as follows. At pH 6 there are three 
species present in solution as suggested by Elliot and Huang 
[12], shown in Figure 6.3. 
(i) Cu2+ (in very small quantity) 
(ii) CuOH+ = Cu(0H)2 (in large quantity) 
Cu2+ is adsorbed at the surface of saw dust via surface 
complex formation between free metal ions and deprotonated 
surface functional groups [14] as 
- ROH + Cu2+ «:=* (-RO)Cu+ + H+ ... I 
2 (-ROH) + Cu2+ «==* (-R0)2 Cu + 2H''" ... II 
The hydrolysed species of copper(II) are adsorbed as such on 
the surface of saw dust. According to the following scheme. 
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CU(0H)2 + 2(-R0) 5==^  (-R0)2 Cu(OH)22+ 
The other reaction taking place prior to pH max. may be 
written as: 
Cu(OH) + 2 (-R0) i'S'^  (-R0)2 CuOH III 
pH range 4-5.8 
Cu2+ + 2(-R0) *='^  (-R0)2Cu IV 
pH range 3-4 
Hence, pH exerts a significant effect in the adsorption of 
metal ions by saw dust. 
6.3.4 Behaviour of Untreated Sav Dustt 
Adsorption Isotherm: The values of Am, Ce, Ce/Am are shown in 
Tables 6.2 and 6.3 and the related parameters for the fitting 
of Freundlich and Langmuir equations at different 
temperatures are summarized in Table 6.4. The isotherm plots 
are shown in Figures 6.4 and 6.5 respectively. The adsorption 
of copper (II) on saw dust at pH 6.0 follow both Freundlich 
as well as Langmuir type adsorption isotherm. However the 
Freundlich equation is better obeyed by the system than the 
Langmuir one as is evident from the values of regression 
coefficients shown in Table 6.4. 
The Freundlich type adsorption isotherm is indication 
of surface heterogenity of the adsorbent while Langmuir type 
isotherm hints towards surface homogenity of the adsorbent. 
This leads to the conclusion that the surface of saw dust is 
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Table 6.2 Pitting of Freundlich Equation 
Adsorption of Cu(II) on Untreated Saw Dust 
Am 
Studies at 
5.210E-04 
9.403E-04 
1.836E-03 
2.652E-03 
3.080E-03 
3.717E~03 
Studies at 
5.718E-04 
1.016E-03 
1.652E-03 
2.401E-03 
2.897E-03 
3.291E-03 
Studies at 
5.591E-04 
1.003E-03 
1.702E-03 
2.325E-03 
2.750E-03 
3.221E-03 
30OC 
40OC 
50OC 
Ce 
1.800E-05 
5.200E-05 
l.llOE-04 
1.825E-04 
3.152E-04 
4.150E-04 
l.OOOE-05 
4.000E-05 
1.400E-04 
2.220E-04 
3.440E-04 
4.820E-04 
1.200E-05 
4.200E-05 
1.320E-04 
2.340E-04 
3.672E-03 
4.930E-04 
In Am 
-7.559 
-6.969 
-6.300 
-5.932 
-5.782 
-5.594 
-7.466 
-6.891 
-6.405 
-6.031 
-5.843 
-5.716 
-7.489 
-6.903 
-6.375 
-6.603 
-5.896 
-5.737 
In Ce 
-10.925 
-9.864 
-9.105 
-8.608 
-8.606 
-7.787 
-11.512 
-10.126 
-8.873 
-8.412 
-7.974 
-7.637 
-11.330 
-10.077 
-8.932 
-8.360 
-7.909 
-7.615 
Table 6.3 Fitting of Langmuir Equation 
Adsorption of Cu(II) on Untreated Saw Dust 
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Am Ce Ce/Am 
Studies at 30OC 
5.210E-04 
9.403E-04 
1.836E-03 
2.652E-03 
3.080E-03 
3.717E-03 
Studies at 40OC 
5.718E-04 
1.016E-03 
1.652E-03 
2.401E-03 
2.897E-03 
3.291E-03 
Studies at 50<>C 
5.591E-04 
1.003E-03 
702E-03 
325E-03 
2.750E-03 
3.221E-03 
1 
2, 
1.800E-05 
5.200E-05 
l . l lOE-04 
1.825E-04 
3.152E-04 
4.150E-04 
l.OOOE-05 
4.000E-05 
1.400E-04 
2.220E-04 
3.440E-04 
4.820E-04 
1.200E-05 
4.200E-05 
1.320E-04 
2.340E-04 
3.672E-04 
4.930E-04 
3.454E-02 
5.529E-02 
6.044E-02 
6.880E-02 
1.023E-01 
1.116E-01 
1.748E-02 
3.934E-02 
8.474E-02 
9.243E-02 
1.187E-01 
1.464E-01 
2.146E-02 
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1.335E-01 
1.530E-01 
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Fig. 6.5 Langmuir plots for the adsorption of 
copper (II) by untreated saw dust. 
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made up of small heterogeneous adsorption patches which are 
very much similar to each other in respect of adsorption 
phenomenon. 
Total adsorption decreases with increase in temperature 
at low equilibrium concentration leading to a reversal in the 
adsorption capacity at higher concentration whereas the total 
adsorption increases with the temperature. The cross over 
appears in the middle of the isotherm. This behaviour may be 
explained as follows: 
Since here the adsorbent was used as such without 
pretreatment (activation), initial uptake of copper(II) (at 
low equilibrium concentration) is mainly due to physisorption 
and decreases with the increase in temperature. With the 
increase in concentration at elevated temperature, the 
activation of adsorption sites takes place leading to 
increased adsorption probably via surface exchange reaction. 
Actually at higher temperature, the aggregation of copper(II) 
ions at the surface of saw dust increases which results to an 
exchange reaction with the already adsorbed species along 
with the normal physisorption. 
This coupled reaction mechanism give the K values which 
do not vary linearly with the temperature (Figure 6.6) and 
hence it is not possible to apply Van't Hoff type equation to 
carry out the computation of the thermodynamic parameters. On 
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the other hand Langmuir constants show a comparatively linear 
variation with temperature (Figure 6.7) and hence used to 
calculate the thermodynamic parameters (Table 6.5). The 
overall process seems to be endothermic ( A H = 23.4034 
KJ/mol). Had the physisorption been the only adsorption 
process, the enthalpy of the system should have been 
exothermic. Actually sufficient energy is consumed; 
(i) in the dehydration of copper(II) and the adsorbed ionic 
species and/or oxygenated complexes on the surface of 
the adsorbent. 
(ii) in the desorption of adsorbed species 
(iii) in changing the size of the pores and 
(iv) in enhancing the rate of intraparticle diffusion of 
adsorbate [15] 
Further the free energy of the process at all 
temperatures is negative and decreases with the increase in 
temperature which indicates that the process is spontaneous 
in nature and the spontaneity increases with the rise in 
temperature. This further supports the above mechanism. 
The values of the Langmuir constant is also very high 
(K >> 1) at each temperature and that increases with the rise 
in temperature (Table 6.5). This higher value indicates that 
copper(II) ions are strongly adsorbed on saw dust. The 
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entropy at all the temperatures is almost constant and 
slightly increases at 40OC. It means at 40OC, the partial 
replacement of adsorbed species with copper(II) ion has taken 
place and the presence of two different species at the 
adjacent sites have created steric hindrance [16] which is 
reflected in the form of the increased entropy of the system, 
but at SO^c, this replacement reaction is complete and the 
system has returned to a stable form. 
Thus it can be concluded that physisorption occurs at 
30OC, replacement reaction starts nearly at 40^0 and 
completed at 50OC, provided the concentration is sufficient 
to initiate the replacement process (Ci > 1 x 10"^ M). 
6.3.5 Behaviour of Chemically Treated Saw Dust 
Adsorption Isotherm; The isotherm for chemically treated saw 
dust at pH 6.0 is shown in Figure 6.8. The values of Am, Ce, 
Ce/Am are given in Table 6.6 and the related parameters for 
the fitting of Freundlich and Langmuir equations at different 
temperatures are summarized in Table 6.7. The adsorption of 
copper(II) on saw dust treated with NaOH, at pH 6 follow 
Langmuirian type behaviour as indicated from the values of 
regression coefficient (Table 6.7). This Langmuirian type 
behaviour is indicative of the surface homogeneity of the 
adsorbent i.e. the adsorption sites are of equivalent nature. 
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Fig. 6.8 Langmuir plots for the adsorption of copper (II) 
by treated saw dust. 
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Table 6.6 Fitting of Freundlich Equation 
Adsorption of Cu(ll) on Treated Saw Dust 
Am 
Studies at 
6.290E-04 
1.245E-03 
2.452E-03 
3.659E-03 
4.765E-03 
5.642E-03 
Studies at 
6.195E-04 
1.183E-03 
2.350E-03 
3.507E-03 
4.511E-03 
5.321E-03 
Studies at 
6.266E-04 
1.178E-03 
2.325E-03 
3.418E-03 
4.161E-03 
4.918E-03 
30OC 
40OC 
50OC 
Ce 
l.OOOE-06 
3.999E-06 
1.400E-05 
2.400E-05 
5.000E-05 
1.112E-04 
2.500E-06 
1.375E-05 
3.000E-05 
4.800E-05 
9.000E-05 
1.625E-04 
1.999E-06 
1.450E-05 
3.400E-05 
6.204E-05 
1.450E-04 
2.260E-04 
In Am 
-7.371 
-6.668 
-6.010 
-5.610 
-5.346 
-5.177 
-7.386 
-6.739 
-6.052 
-5.652 
-5.401 
-5.236 
-7.381 
-6.743 
-6.063 
-5.678 
-5.481 
-5.314 
In Ce 
-13.815 
-12.429 
-11.176 
-10.637 
- 9.903 
- 9.907 
-12.899 
-11.194 
-10.414 
- 9.944 
- 9.315 
- 8.724 
-13.122 
-11.141 
-10.289 
- 9.687 
- 8.838 
- 8.394 
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The total adsorption decreases with the increase in 
temperature and increases linearly with the rise in 
equilibrium concentration. Since the adsorption capacity of 
the saw dust increases on treating it with NaOH (1.0 M) and 
the adsorption of copper(II) is an exothermic process 
( A H = -36.789 KJ/mol), the probable mechanism may be as 
follows. 
The adsorption sites of the untreated saw dust are 
either occupied by the common cations (i.e. Mg, Ca, etc.) or 
protonated. On treatment with sodium hydroxide^ the 
protonated sites of the adsorbent get neutralized. 
- ROH+ - OH" •> -RO - H2O ... I 
Thus some of the surface sites get activated following this 
treatment. When the species of copper (Cu2+, CuOH"*", Cu(0H)2 
come in contact with the treated adsorbent, they get adsorbed 
on its surface via complex formation. 
Cu(0H)2 + 2 (-R0) 5=* (-R0)2 Cu(OH)22+ ... II 
Following this process (equation II), another layer(s) of 
physically adsorbed species are formed. On increasing the 
equilibrium concentration,the aggregation of the adsorbate 
species increases resulting thereby the enhanced inter 
diffusion and hence the increased adsorption. 
The increase in temperature decreases the physical 
forces (hydrogen bonding etc.) responsible for the 
210 
physiosorption and the adsorbed species are released. No 
doubt, porosity of the adsorbent increases with the rise in 
temperature but at the same time, the diffusion of the 
adsorbed species in the outward direction increases due to 
the decreased said physical forces. 
The free energy (AG) of the system is least at ao^C 
and highest at 40^0 while at SO^C it is less but 
approximately equal to that of 30*C (Table 6.8). The reverse 
is the case with entropy ( tS) which is least at 40®C and 
almost equal at 30 and 50<^ C. It means at 40OC, the process 
is least spontaneous leading to a most stable system while 
reverse is the case at 30 and 50^C. The mechanism for this 
behaviour might be as follows. 
At BO^C, the complexation of copper species with the 
easily accessible sites takes place along with the normal 
physical sorption. At 40Oc, the complexation with the inner 
sites occurs due to increased porosity and inter diffusion. 
But at this temperature, the physisorption decreases, 
resulting a decrease in the total adsorption. Since, here 
the interdiffusion is a slow process, the overall process is 
least spontaneous. However, most of the sites are pre-
occupied by the adsorent species and the system is 
stabilized due to its decreased heterogeneity. At SO^c, the 
physical forces are further decreased and enhanced desorption 
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takes place resulting to the total decrease in adsorption. 
Since at this temperature, both the porosity and 
interdiffusion increases, the process again becomes 
spontaneous and the system shows decreased stability. 
The values of the Langmuir constant (K) of the system 
are 5-12 fold higher than that of the untreated one (Table 
6.4), which points towards the fact that the copper species 
are more strongly adsorbed on the activated sites of the 
adsorbent produced by the NaOH treatment. 
6.3.6 Effect of Dose on the Adsorption Process 
The effect of saw dust dose on the adsorption of 
copper(II) is presented in Table 6.9. The data indicates that 
the adsorption increases with the increase in the dose of saw 
dust. The plateau is reached at 500 mg in the case of 
untreated saw dust whereas the chemically treated one 
exhibited maximum adsorption at 200 mg. 
6.3.7 Effect of Particle Size 
The studies were also carried out by using saw dust of 
different particle sizes. It is evident from the results, 
summarized in Table 6.10 that the removal of copper(II) 
decreased with the Increase In particle size and the peak 
value was observed by the finest particle (100 p), probably 
because of the larger surface area available. 
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6.3.8 Salinity Effect 
The effect of salinity on the adsorption of copper(II) 
is very interesting. It was tested by the addition of sodium 
chloride to the copper(II) solution. The concentration of 
NaCl used ranged from 0.25-12 g/50 ml. The results of the 
removal of copper(II) with treated and untreated saw dust in 
presence of sodium chloride is given in Table 6.11. It can be 
seen that initially, the presence of sodium chloride in the 
range of 0.25-5.0 g/50 ml, reduces the adsorption of 
copper(II) from 81 to 10% with untreated saw dust and 99 to 
70% with the treated one. This may be due to relative 
competition between sodium ions and copper species on the 
active centres of the saw dust. In this range the increase in 
sodium chloride concentration increases the chances of its 
adsorption compared to that of the copper species. 
But after the critical concentration (above 5.0 g 
NaCl/50 ml), the per cent adsorption sharply increased. The 
sodium chloride acts as an in situ regenerating agent for the 
saw dust via removal of oxygenated complexes as soluble 
chlorocomplexes, increasing thereby the number of adsorption 
sites and hence the adsorption of copper(II) species. 
The probable mechanism may be represented as follows: 
- ROX + CI" > ROX CI" ... (I) 
- RO + Na+ > RO Na+ ... (II) 
ROX+ + CI" -----~> - RO -i--"—> R0Cu2+ ... (Ill) 
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Therefore, it can be inferred that the copper(II) may 
be effectively removed even from highly saline medium. The 
proposed method may be found suitable enough for the removal 
of copper ions from sea water. 
6.3.9 Removal of Cu(II) from River Water 
In order to widen the applicability of the removal 
technique, the optimized method was applied for the removal 
of copper(II) from Ganga River water as described in Chapter 
4, Section 4.2.6. The removal efficiency achieved was 92.7 
and 63% with treated and untreated saw dust respectively. In 
river water sample, the adsorption capacity was slightly 
decreased, probably due to the presence of other major 
cations like calcium and magnesium. 
The present study, thus reveals that the saw dust 
treated with a suitable reagent is an excellent adsorbent for 
copper removal from aqueous solution. This adsorbent may be 
used in water quality control and for the treatment of waste 
water containing copper salts. 
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Reversed Phase Thin Layer Chromatographic Separation 
of Heavy Metal Ions on Silica Gel Layers Loaded with 
Tributylamine 
Mohammad Ajmal*, A. Mohammad, N. Fatima, and Akhtar H. Khan 
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Summary 
Chromatographic behavior of some heavy metal ions on silica 
gel layers loaded with tributylamine has been studied in formic 
acid-sodium formate systems. Several important binary, ternary 
and quarternary separations have been achieved. Zn has t>een 
successfully separated from Cd, Ni, and Co. Some TLC parame-
ters for Zn-Cd, Zn-Ni and Zn-Co separations have also been 
calculated. 
1 Introduction 
The discharge of heavy metals, which are nondegradable 
pollutants often contained in industrial waste water, has been 
the subject of great concern in recent years. Heavy metals 
cause adverse effects on living organisms, and some are 
lethal even at very low concentration. Therefore, the presence 
of such substance in water beyond permissible levels may 
constitute a chemical hazard and render the water unfit for 
many uses. Among the analytical techniques available, thin 
layer chromatography is an important tool for detection and 
separation of heavy metals in the field of environmental 
chemistry. 
Reversed phase TLC offers some distinct advantages over 
normal phase TLC by providing several special features, such 
as organization of the hydrocarbon ligands on the silica sur-
face, intercalation of solvent into the bonded layer, and the 
activity of residual silanols on the solid support. All these 
factors influence the selectivity of the medium in a specific 
manner. Thus, in reversed phase TLC the selectivity of a 
medium can be altered by varying the mobile phases or sor-
bents, as well as by surface modifications involving reaction 
between silica support and reactive organosilanes of varying 
chain lengths 
Because of its simplicity and better resolution power, 
reversed phase chromatography has become a widely used 
method for chemical analysis of complicated mixtures. As a 
M Ajmal, A Mohammad N Fatima, A H Khan, Environmental Research 
Laboratory Department of Applied Chemistry, Z H College of Engg and Tech-
nology, Aligarh Muslim University, Aligarh 202 002 India 
result, a number of studies have been reported on the sep-
aration of metal ions using various mobile and stationary 
phases [1-14]. Most of these reversed phase studies are 
based on the use of paper and column chromatography and 
little attention has been paid to the use of TLC [15-18]. 
Separation of Zn(ll) from Cd(ll) is of great interest because of 
close resemblance in their chromatographic behavior Sev-
eral attempts have been made to achieve their mutual sep-
aration by using normal and reversed phase paper chroma-
tography [19-21], ion exchange chromatography [22], sol-
vent extraction [23], normal phase TLC [24], and by precipita-
tion [25]. It IS surprising that no work has been reported on 
reversed phase TLC for the separation of Zn{ll) from Cd(ll) It 
was therefore decided to establish optimum conditions for 
the separation of Zn{ll) from Cd(ll), Ni{ll), and Co(ll) by 
reversed phase TLC using tributylamine (TBA) as stationary 
phase on a silica gel (SG) support. Aqueous solvent systems 
containing vanable concentrations of formic acid and sodium 
formate were used as mobile phases. 
2 Experimental 
2.1 Apparatus 
A thin layer chromatography apparatus (Toshniwal, India) for 
the preparation of silica gel thin layers on 20x3 cm glass 
plates was used. Chromatography was performed in 24 x 
6 cm glass jars. An Elico pH meter was used for pH measure-
ments. 
2.2 Reagents 
Silica gel G from BDH, TBA from Fluka, sodium formate (SF) 
and formic acid (FA) from E. Merck (India) were used All other 
reagents were of analytical grade. 
2.3 Test Solutions and Detectors 
The 0.1 M solutions of nitrates, chlondes, or sulfates of most 
of cations were prepared in 0 1 M solutions of the corre-
sponding acids. Vanous known volumes of standard solu-
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Coumarins of Peucedanum palustre 
between all compounds. The off-line UV spectra of all six 
compounds are depicted on top of the densitogram; ail of 
them show a maximum between A = 320 and 335 nm. 
The densitogram of the extract (Figure 9b) gives evidence of 
an equally good separation. The off-line UV spectra of the 
minor unknown compounds (a-d) are shown on top of the 
densitogram. According to the UV spectra these are also 
coumarin type compounds. 
4 Conclusion 
Multi-component eluents form fronts [16] along the plate 
below the a-front during the development of the TLC plate. 
These fronts are usually not seen in TLC, but they may be 
observed indirectly when a very sharp compound zone 
appears in the chromatogram. in OPLC as a completely 
unsaturated system, the multi-front effect is more prominent 
in the linear development mode and the fronts are clearly 
visible. If a substance zone migrates together with the p- or 
y-front, the interference can be eliminated in three ways: 
- The solvent strength can be varied to place the interfering 
front at a slightly different R, value, where it does not migrate 
with a compound. 
- The same may be achieved with a small change in the 
selectivity of the eluent. However, this approach is more 
complicated than the previous one. 
- The sample can be applied at different distances from the 
solvent inlet so that the front will be placed between the 
substance zones. 
The mobile phase optimized with the "PRISMA" system gave 
a satisfactory separation of the six coumarin isomers from P. 
palustre by TLC. With all the forced-flow techniques used, 
the separation could be improved. Comparing the linear and 
circular OPLC separation, the separation was better in the 
lower flf range in the circular mode, but resolution at the 
higher flf values was better in the linear mode. Comparing the 
linear and circular U-RPC separation, the circular mode gave 
the better separation. The number of samples is also higher in 
circular mode due to the pathways which have to be 
scratched into the layer for the linear separation which 
diminishes the available area for separation. 
With circular OPLC and U-RPC, excellent baseline separa-
tions were achieved. In this case, circular U-RPC is superior 
to circular OPLC, as the former technique allows the analysis 
of three times the number of samples. The method developed 
could be used for the qualitative and quantitative analysis of 
plant material and extracts. 
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RP-TLC of Heavy Metal Ions 
tions of metal ions were taken to study the effect of loading 
on the Rf values. To study the effect of pH of metal solutions 
on the flf value of cations, the pH of the sample solutions 
were brought to the required value by the addition of either 
dilute NaOH or dilute HCI. Zn^* and Cd^* were detected with 
dithizone solution and other metal ions were detected by 
using conventional spot test reagents [26]. 
2.4 Preparation of Chromatoplates 
2.4.7 Preparation of Plain SG Thin Layer Piates 
SG was slurried with demineralized water in the ratio of 1:3 
with constant shaking for 5 minutes. The resulting slurry was 
coated on clean glass plates with the help of an applicator to 
give a layer of 0.25 mm. The plates were air dried first and 
then kept at 100°±5°C for 1 h in an electrically controlled 
oven. The plates were cooled to room temperature in a 
closed chamber before use. 
2.4.2 Preparation of TBA Impregnated SG Thin Layers 
Impregnated silica gel thin layers were prepared by two 
methods. 
Direct Impregnation Method: 20 g of silica gel was shaken in 
a conical flask with 60 ml of 10-70% TBA solution in benzene 
(VAO to obtain a homogeneous slurry. The resultant slurry 
was spread over glass plates to form a layer of uniform thick-
ness {«0.25 mm). Benzene was allowed to evaporate at 
room temperature. The plates were heated at 100 + 5°C for 
1 h and then cooled to room temperature in a closed 
chamber. 
Indirect Impregnation Method: The plain SG plates were first 
prepared by adopting a method as mentioned above and 
then were impregnated by placing them in chromatographic 
jars for development containing a 10-70% TBA solution in 
benzene (V/V). Benzene was allowed to evaporate at room 
temperature and then the plates were heated at 100°± 5°C 
for 1 h in an electrically controlled oven. The plates were 
cooled to room temperature in a closed chamber and then 
used as such. 
2.5 Solvent Systems Used 
(i) Aqueous FA(10"^ 10"^ 0.1,1.0, 5.0,10.0, and 20.0 M) 
(ii) Aqueous SF (10'^ 10"^ 0.1, 1.0, 2.0, 5.0 M) 
(iii) Mixtures of 1.0 M aq. FA and 1.0 M aq. SF (8:2, 6:4, 
1:1,4:6, and 2:8 ratio) 
2.6 Procedure 
The sample solution (3-5 |jl) was loaded on plain or TBA 
impregnated SG chromatoplates with the help of micropi-
pettes. The spots were dried at room temperature before 
development. The glass jars containing mobile phase were 
covered with lids and left for 10 minutes before introducing 
the plates for development. The plates were developed in the 
chosen mobile phase by the ascending technique with a sol-
vent run to 10 cm in all cases, unless othenwise stated. After 
development, the plates were air dried and the cations were 
detected by spraying appropriate coloring reagents. The fl, 
values were calculated from the values of Ri (flf of leading 
front) and Rj {R, of trailing front). 
3 Results and Discussion 
The results of this study are summarized in Figures 1-4 and 
Tables 1-6. 
Table 1 
Binary separations achieved on silica gel layers impregnated 
with 40% TBA in different solvent systems. 
Solvent system Separations achieved (R^ - Rj) 
1.0 M FA VO2*(0.3-0.15)-Ti''^(0.0-0.0) or AP*(0.8-0.7) 
VO2*(0.3-0.15)-W«^(0.0-0.0) or Nl^*(1.0-0.8) 
AP*(0 .6 -0 .5 ) -T I ' ' * (0 .0 -0 .0 ) 
Fe^^(0.7-0.5)-Ti''"(0.0-0.0) 
Ti''*(0.0-0.0)-Ni^*(0.9-0.7) 
UO^*{0.8-0.6)-Ti''*(0.0-0.0) or VO^*(0.35-0.2) 
1.0 M SF Fe^*(0.0-0.0)-mlxtures of Uf\ Co^" 
Mn2*(1.0-0.8)-Cu^*(0.3-0.2) or Fe=*(0.1-0.0) 
Mn^*(1.0-0.8)-BP*(0.1-0.0) or Zn^*(0.05-0.0) 
1.0 M SF + UOf (0.25-0.22)-Co^10.8-0.7) 
1.0 M FA (8:2) AP*(0.2-0.1)-Cu2*(0.3-0.26) or Cd^"(0.8-0.7) 
AP*(0 .2-0 .1 ) -N|2* (1 .0-0.9) 
Zn2"(0.28-0.17)-Cd2*(0.8-0.66) 
UOi*(0.36-0.33)-Zr^*(0.0-0.0) 
Ti''*(0.0-0.0)-AP*(0.42-0.2) or Ta=*(0.45-0.3) 
Se''"(1.0-0.9)-Pb^* or BP*(0.0-0.0) 
Se''*(1.0-0.9)-Ti''"(0.0-0.0) or Fe^*(0.25-0.0) 
Se''*(1.0-0.9)-Zn2*(0.25-0.1) 
La^*(0.75-0.6)-Zi^"(0.0-0.0) 
1.0 M SF + VO^X0.3-0.0)-Zn^*(0.6-0.45) or Cd^*(0.6-0.4) 
1.0 M FA (4:6) 
1.0 M SF + Tr(0.66-0.52)-TP*(0.0-0.0) 
1.0 M FA (6:4) Cr3*(0.53-0.45)-NP*(1.0-0.9) 
Se''*(0.68-0.50)-BP*(0.08-0.0) or Pb^"(0.0-0.0) 
Zn^*(0.83-0.7)-Ni^*(1.0-0.9) 
Cd=*(0.7-0.5)-Ni2*(1.0-0.8) 
Fe'*(0.75-0.4)-Ni2" + Co^*(1.0-0.8) 
Reversed phase chromatography on SG impregnated with 
TBA gave excellent results. The thin layers were of good qual-
ity. However, the plates prepared by direct impregnation 
proved superior to those obtained by indirect impregnation. 
The time of development ranged from 1-2 h depending upon 
the mobile phase composition. The spots were compact and 
well formed in all solvent systems and at all percent impreg-
nations (10-70%) of TBA. However, Cd^\ Ag^ Hg2^ ^ and 
Hg^^  showed some tailing (RL -RJ> 0.3) in some solvent 
systems. The Rf values of metal ions were found to depend 
upon the time and temperature of drying of the impregnated 
SG plates. The plates were quite stable in acidic developers 
and also in 1.0 M SF but at a higher pH of mobile phase the 
plates were deformed on drying. Specifically, the plates 
developed in 5.0 M aqueous SF (pH = 7.75) were deformed 
Journal of Planar Chromatography VOL. I.JUNE 1988 129 
RP-TLC of Heavy Metal Ions 
Table 2 
Binary separations obtained on silica gel layers impregnated 
with 60% and 20% TBA using different solvent systems. 
% Impreg- Solvent system Separations achieved (f?L - "T) 
nation with TBA 
60 1 O M F A 
60 
60 
20 
1.0 M S F 
1 . 0 M S F + 
1.0 M FA (8 2) 
1.0 M SF + 
1.0 M FA (8 2) 
AP* (0 .55 -0 45) -NI^ " (0 8-0.7) 
Ti''^ (0 0-0.0)-N|2*(1.0-0.7) 
Ti''*(0.0-0.0)-Ta2*(0.95-0.45) 
Zn^*(0.0-0 0)-Ta2*(0.9-0.4) 
Zr^"(0 0-0.0)-Th''*(0 8-0 45) 
Ti''*(0.0-0.0)-Th''*(0.85-0.5) 
Mn^lO 7-0.55)-Bi^"(0 0-0 0) 
VO^*(0.6-0 5)-Ti''*(0.05-0.0) 
VO^*(0.6-0.5)-Zr^*(0.05-0.0) 
VO^^(0.05-0 4)-W°*(0 04-0 0) 
VO^*(0.45-0 3)-Cu^11.0-0 9) 
VO2*(0.55-0 35)-Cu^*(1.0-0.9) 
Zn2*(01-0.0)-Ccl^*(1 0-0.75) 
Zn2*(0.3-0.2)-Hg2*(0.04-0.0) 
Hg2*(0 35-0.25)-Pb^*(0.1-0 0) 
Cu2*(0.3-0.2)-N|2*(1.0-0.9) 
Cd2*(0.9-0.7)-Ag*(0.0-0.0) 
VO=*(0.2-0 0)-Cd2*(0 9-0 7) 
VO2*(0.2-0 0)-Fe^*(0 63-0 45) 
Table 4 
Quartemary separations achieved on silica gei layers impreg-
nated with 40% TBA by using solvent system containing 1.0 M SF 
and 1.0 M FA in an 8:2 ratio (ascent 12 cm). 
Separations achieved (RL - Flj) 
AP*(0.2-0.17)-Cu^*(0.3-0 28)-Ni^*(0.9-0.6)-Ti''*(0.0-0.0) 
AP* (0 .2 -0 . 15)-Cd2^(0.8-0.7)-Ni^*(0.9-0.8)-Ti''*(0.0-0.0) 
Ti''"(0.0-0.0)-UOf(0 46-0.44)-Co^"(1.0-0.9)-AP*(0.15-0.14) 
Ti''*(0.0-0.0)-Zn^*(0.4-0.36)-Cd^"(0.9-0.75)-N|2"(1.0-0.9) 
Ti"'*(0.0-0 0)-Co2*(1.0-0.8)-Cr^*(0.2-0 15)-Cd=*(0.63-0.52) 
Cr3*{0.07-0.0)-Bi^*(0.45-0.37)-Cd2*(1.0-0.8)-Co^*(0.8-0.7) 
Cr^*(0.17-0.16)-Ag*(0 0-0.0)-Cd^*(0.85-0.73) 
Table 5 
TLC data for some metal ions on SG layers impregnated with 
40% TBA using 1.0 M SF -i-1.0 M FA (8:2) as solvent system. 
Metal ions/Metal salts 
Cu^Vcopper chlonde 
Ni^Vnickel sulfate 
Co^Vcobalt chlonde 
Zn^Vzinc chloride 
Cd^Vcadmium nitrate 
Concentra-
tion range 
loaded (pg) 
1.0-400 
0.5-400 
10 0-600 
0 5-400 
10.0-200 
Range of flf 
obtained 
0 3 -0.37 
0.94-1.0 
0.9 - 1 0 
0 33-0.41 
0 72-0.85 
Lower 
detectability 
level (pg) 
1 0 
05 
100 
03 
1 0 Table 3 
Ternary separations achieved on silica gel layers impregnated with variable concentrations of TBA in different solvent systems. 
% Impregnation with TBA Solvent system Separations achieved (AL - RT) 
20 
40 
40 
40 
60 
60 ' 
1 0 M FA + 
1.0 M SF (8 2) 
1.0 M FA + 
1 0 M SF (8 2) 
1 0 M FA + 
1 . 0 M S F ( 4 6) 
1 0 M FA + 
1 0 M SF (6 4) 
1.0 M FA 
1.0 M FA + 
1 . 0 M S F ( 8 2) 
70 1.0 M SFH-
L O M F A I S 2) 
Zn^*(0 65-0.1 )-Cd^*(0 9-0 7)-Ti''*(0 0-0 0) 
T\^*{0 0-0 0)-UOr(0 36-0 33)-Ni^*(1.0-0.7) 
Ti'i^ fO 0-0 0)-Zn^*(0 4-0 3)-Co^*(0 95-0 9) 
Ti^+CO 0-0.0)-UOf (0 36-0 33)-N|2*(1 0-0 87) 
Ti^ l^O 0-0 0)-UOf (0 36-0 33)-Co^"(1 0-0 85) 
VO^*(0.20-0 0)-UOi"(0 48-0 4)-Ti''*(0 0-0 0) 
Al^*(0 26-0.25)-Ti''"(0 0-0 0)-Cd^*(0.55-0 5) 
AP*(0 12-0.1 0)-NI^"(1 0-0 9)-Ti''*(0 0-0 0) 
Co2*(0.85-0 7)-Ti''*(0 0-0 0)-AP*(0 55-0 45) 
Cu^ (^0 35-0 20)-Cd^*(1 0-0 8)-Pb^*(0 0-0 0) 
Zn2*(0.23-0 20)-Cd'*(0 95-0 8)-Pb'*(0 0-0 0) 
Zn2*(0 27-0 25)-Cd^*(0 95-0 8)-Hgi*(0 0-0 0) 
UOi^(0.27-0 25)-Fe^*(0 1-0 0)-Co=*(1 0-0 9) 
VO^*(0 1-0 0)-Fe'*(0 35-0 3)-Co^*(1 0-0 9) 
Cu2*(0 3-0.2)-Ni^"(1 0-0 92)-Ag*(0 0-0 0) 
Cu2*(0 3-0 25)-Cd^"(0 97-0 8)-BP*(0 06-0 0) 
TP*(0 23-0 2)-Cd2*(1 0-0 8)-Ag*(0 0-0 0) 
TP* (0 .23 -0 2)-Hg'*(0 0-0 0)-Cd^*(1 0-0 8) 
TP* (0 .38 -0 35)-Pb^*(0 1-0 0)-Cd2*(1 0-0.95) 
TP*(0.27-0.25)-Ti"(0.0-0 0)-Ni^*(1 0-0 95) 
Zn^*(0 22-0.15)-Cd^*(0 88-0 77)-Ti''*(0 0-0 0) 
Tr(0.75-0.65)-Zn2*(0 3-0.18)-Bi^*(0 0-0 0) 
Zn^*(0.1-0 05)-Tr(0 65-0.5)-Pb^*(0.0-0 0) 
UOi*(0 28-0.24)-Zr^*(0 0-0 0)-Co^*(0 95-0.8) 
Cu^*(0 3-0 25)-Co2*(1 0-0 9)-Ti''*(0 0-0 0) 
Cu2*(0 3-0 25)-Co^*(1 0-0 85)-ZK'*(0 0-0 0) 
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Table 6 
TLC parameters for the separation of Zn'* from Cd'^ , 
and Co'* with 1.0 M SF + 1.0 M FA (8:2) solvent system. 
Ni' 
% Impregnation 
with TBA 
40 
60 
70 
Separating cation 
pair 
Zn-Cd 
Zn-Ni 
Zn-Co 
Zn-Cd 
Zn-Ni 
Zn-Co 
Zn-Cd 
Zn-Ni 
Zn-Co 
TLC parameters 
Afl, 
0.52 
0.52 
0.48 
0.65 
0.71 
0.69 
0.73 
0.78 
0.72 
a 
10.1 
16.3 
11.98 
25.69 
60.76 
45.14 
48.8 
86.6 
39.6 
Rs 
5.3 
4.38 
5.3 
4.66 
7.00 
7.00 
5.33 
9.62 
6.27 
on drying. The effects of various factors on the chromato-
graphic behavior of metal ions are given below. 
3.1 Effect of Aqueous SF Concentration on the Mobility 
of Metal Ions 
On the basis of their chromatographic behavior on SG layers 
impregnated with 40% TBA in varying concentrations of SF 
(0.001 to 5.0 M), metal ions can be classified into the following 
groups: 
(i) Metal ions such as U0 | ^ Fe^\ M^\ Ag", Pb2^ B\^\ TP^ 
and Ti"** showed no mobility over the entire range of SF con-
centrations. The low flf value for these metal ions may be 
attributed to the formation of anionic/neutral complexes with 
SF similar to those reported by Qureshi et al. [27] for few 
cations. Hg2'^  and Hg^* produced tailed spots starting from 
the point of application. 
(ii) Ni^ "^  and Co "^" moved with the solvent front giving high R, 
(~ 0.9) over the whole concentration range. The absence of 
sorption in these cases may be attributed to the lack of for-
mation of anionic metal formate complexes. 
(ill) Metal ions like T\* and Cd^* showed an increase in mobil-
ity with the increase in SF concentration giving ft, equal to 0.9 
in 5 M SF. The increase in flf value with the increase in SF 
concentration is probably due to increased complexation at 
higher pH. 
(iv) Cu^* and Zn^'' did not move in solvents containing up to 
1.0 M SF. However, a sudden increase in their R, values was 
observed in 2.0 M and 5.0 M SF. 
All the metal ions were detected satisfactorily at all SF con-
centrations (0.001-5.0 M). The development time increases 
with the increase in molar concentration of SF until it reaches 
to 2 h in 5.0 M SF. 
3.2 Effect of FA Concentration on the Mobility of Metal 
Ions 
The study of chromatographic behavior of metal ions on 40% 
TBA impregnated SG plates in acidic developers containing 
varying molar concentrations of aqueous FA (0.001-20.0 M) 
gave some interesting results. The main points emerging 
from this study are as follows: 
(i) Hgl* formed elongated spots at all FA concentrations while 
Bi^* and Cd^* produced tailed spots (starting from the origin) 
In 5-20 M and 0.001 M - 0.1 M FA, respectively. 
(ii) Ag" ,^ Pb "^", and Ti''* remained at the point of application at 
all FA concentrations used. Conversely, Ni^ "^  and Co^ "^  moved 
with the solvent front, probably due to the solvation of these 
ions/complexes by the mobile phase. 
(iii) U 0 | ^ fe^\ AP , B^\ Zn^\ C\^\ Gu2^ and Cd^" did not 
move in mobile phases containing up to 0.1 M FA. On further 
increase in acid concentrations, these metal ions show signif-
icant mobility giving flf 0.7-0.9 in 1.0 M FA. The flf values 
reach a maximum (flf = 1.0) at higher FA concentrations {i.e. 
5-20 M). The higher FA concentration was found unsuitable 
because of (i) spreading of spots, (ii) longer development time 
(iii), less sharp detection of most of the metal ions. 
The increase in fl, with increasing molar concentration of FA 
is attributed to the increase in the number of H* ions compet-
ing with the cations or cationic complexes for the exchange 
sites. 
3.3 Effect of TBA Impregnation on the Mobility of Metal 
Ions 
Figure 1 shows that TBA impregnated SG layers are more 
strongly sorbing than unimpregnated or plain SG layers for 
1 0 M S F 
' l O M S F + lOM fA(1: l ) 
I'OM FA 
OlM FA 
+ + ± + 
- > - ' V . O - 3 C W-O^ofovtr- ^ - ._ 
d > O l l . U - O Z U I M 4 o I I l - t - Q . ( D = ) l -
cations 
Figure 1 
Comparison of seiectivities of TBA-lmpregnated and unimpregnated 
silica gel layers in different solvent systems. 
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most of the metal ions, as indicated by positive values of Aflf. 
Here AWf is the measure for the difference in the f?, values of 
metal ions on unimpregnated and impregnated SG layers, i.e. 
AR, = R, on unimpregnated SG layers - R, on impregnated 
SG layers. Thus, TBA impregnation enhances the selectivity 
of the plain SG layers. 
Figure 2 shows the effect of the degree of impregnation of 
TBA on the flf values of metal ions in 1.0 M FA and in 1.0 M FA 
+1.0 M SF (2:8) solvent systems. The R, values for only those 
cations which gave compact spots were taken for plotting the 
figures. It is evident from Figure 2 that, in 1.0 M FA, the R, 
values generally decrease with increasing degree of impreg-
nation. However, Cd^^ and Bi^ "^  showed constancy of flf val-
ues at all degrees of impregnation. Zn^ "^  showed significant 
tailing (Rf = 0.0-0.6) over 10-20% impregnation. 
In solvent system containing a mixture of 1.0 M FA and 1.0 M 
SF in a ratio of 2 8, the plots (Figure 2) showed frequent 
fluctuations over the entire range of TBA impregnation. Inter-
estingly, a few cations showed stronger sorption at 30% TBA 
impregnation. Detection of all metal ions was very clean and 
sharp at all degrees of impregnation but the spots were more 
compact at higher degrees. The shapes of these curves can 
be tentatively explained on the basis of the existence of a 
neutral, positive, or negative species as well as the possible 
formation of less strongly adsorbed higher charged negative 
complexes. Some other phenomena, such as the adsorption 
in the network of the support, precipitation in the network of 
the support, precipitation, hydrolysis, and solvent-solvent 
interactions, may play an important role affecting the sorption 
behavior of metal ions on impregnated SG layers. 
3.4 Effect of Mixed Solvent Systems Containing Mixture 
of 1.0 M FA and 1.0 M SF on the Mobility of Metal Ions 
It IS clear from Figure 3a that 1.0 M SF is the best solvent for 
the separation of Zn^* from Cd^ "^ , Ni^ * and Go *^ on 60% TBA 
impregnated SG layers. However, the separation of Cd^* 
from Zn^* in this solvent is also possible on 40% impregnated 
plates but the greater tailing of Gd^ ^ decreases the resolution 
of its separation from Zn^* (Figure 3b). It is obvious from 
Figure 3b that 1.0 M SF behaves differently from 1.0 M FA as a 
mobile phase. Most of the cations move faster in FA and 
produce more compact spots compared to SF. Ni^ * and Co *^ 
show identical behavior in both the solvent systems and 
move with the solvent front Figures 3c-d, summanze the 
chromatographic behavior of metal ions in solvent systems 
containing mixtures of 1 0 M FA and 1.0 M SF in different 
molar ratios. Evidently, most of the metal ions show relatively 
greater mobility and higher compactness in solvents contain-
ing higher percentages of FA. 
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1 OMSF 
A - l OM SF + ( QM FA(8 2) 
B-1 OM SF + 1 0MFA(2 8) 
C-( OM SF + 1 OM FA(1 1) 
A-1 0 M S F + 1 0 M F A ( 6 ^) 
B=1 OM SF + 1 QMFA(4 6) 
4 > o i I t o z o r M < o i i p p o . m o > ; 
Ut ions 
Figure 3 
Plot of n, vs metal ions in different solvent systems, a = 60% TBA impreg-
nated SQ layers. b,c,d = 40% TBA impregnated SG layers. 
• — • Compact spots; • — • Tailed spots with RL - "T > 0.4; O — O 
Tailed spots with WL - " T < 0.4. 
layers in mobile phase containing a mixture of 1.0 M SF and 
1.0 M FA in 8.2 by using unbuffered sample solutions without 
adhering to the close control of the sample pH. 
Enhancement of the selectivity of SG layers by impregnation 
with TBA provides an opportunity to achieve many analyti-
cally important separations. Many such separations have 
actually been realized and are tabulated in Tables 1-4. Sep-
arations such as Zn2*-Cd2^ M^'-Cu"*, V02+-TP^ VO'^-W^", 
Th''^-Zr^^ Fe3*-TP+, A\^*-Cu^^-Ni^^-Ti*\ Cr^^-Bi^^-
Cd^^-Co2^ Zn^ -^Cd -^^ -Pb -^' and Zn^^-Tr-Pb^" are worth 
mentioning. 
Table 5 summarizes the results of the effect of loading on the 
flf values and the lowest possible detectable amount of metal 
ions on the chromatoplates. TBA impregnated SG layers 
gave highly compact spots over a wide range of loading of 
the metal ions. 0.5 ng of Ni^ "^  gave R, equal to 0 94 while it is 
1.0for400|jgofN|2^ 
In order to present a clearer picture regarding the separation 
of Zn^'' from Cd^'', Ni^'', and Co '^', some TLG parameters such 
as Afl, (flf of separating metal ion - flf of Zn^ ""), separation 
factor (a) and resolution (R^ have been calculated. These 
data are shown in Table 6. The values for a and R^ have been 
calculated by using the following relationships 
(I) a =KyKU (M = separating metal) 
K' =• 
flf 
where K' is a capacity factor which measures the degree of 
retention of a solute compared to the solvent. 
3.5 Effect of pH of Metal Solutions on the Separation 
of Zn"* from Ni''^ Co''*, and Cd *^ 
Figure 4 shows that the flf values of Zn^ "^ , Ni^ "^ , Co^*, and 
Cd^ "^  are independent of the pH of the sample solution m the 
pH range of 1-5. Thus a good separation of Zn^* from these 
metal ions can be obtained on 60% TBA impregnated SG 
1 0 
08 
06 
Rf 0 4 
02 
00 
- • m • • 
_l L. 
1 2 3 4 5 
pH of mttol solutions 
Figure 4 
Plot of pH of metal solutions vs. R, on silica gel layers impregnated with 
60% TBA )n solvent system containing 1 . 0 M SF and 1 .0M FA in ^n 8:2 
ratio. 
a 
AX 
1/2 (d, + dj) 
where AX is the distance between the centers of spots and 
di, dj are their respective diameters. Two solutes are just 
separated if flg is equal to 1. It is clear from Table 6 that a 
good separation of Zn^ "^  from Cd^*, Ni^ "^ , and Co^ "^  can be 
earned out by the proposed method. The AR, value is always 
greater than 0.5. A high value of separation factor and well 
resolved spots with Rs - 5 are the added advantages of this 
study. 
The proposed method, consisting in the use of 40-60% TBA 
impregnated SG layers and a mixture of 1.0 M SF and 1 0 M 
FA in a 8:2 ratio as developer is very reliable and reproduc-
ible for achieving the separation of a particular cation from 
others in general. It is especially useful if one needs sharper 
and clearer ternary and quarternary separations. The spots 
are so well formed and compact that good quarternary sep-
arations are always possible. It is a very reliable method for 
separating Zn^* from Cd '^' over a reasonable pH range of 
sample solutions. 
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Summary 
Chromatographic behavior of some heavy metal Ions on silica 
gel layers loaded with tributylamine has been studied in formic 
acid-sodium formate systems. Several important binary, temary 
and quarternary separations have been achieved. Zn has been 
successfully separated from Cd, Ni, and Co. Some TLC parame-
ters for Zn-Cd, Zn-Ni and Zn-Co separations have also been 
calculated. 
1 Introduction 
The discharge of heavy metals, which are nondegradable 
pollutants often contained in industrial waste water, has been 
the subject of great concern in recent years. Heavy metals 
cause adverse effects on living organisms, and some are 
lethal even at very low concentration. Therefore, the presence 
of such substance in water beyond permissible levels may 
constitute a chemical hazard and render the water unfit for 
many uses. Among the analytical techniques available, thin 
layer chromatography is an important tool for detection and 
separation of heavy metals in the field of environmental 
chemistry. 
Reversed phase TLC offers some distinct advantages over 
normal phase TLC by providing several special features, such 
as organization of the hydrocarbon ligands on the silica sur-
face, intercalation of solvent into the bonded layer, and the 
activity of residual silanols on the solid support. All these 
factors influence the selectivity of the medium in a specific 
manner. Thus, in reversed phase TLC the selectivity of a 
medium can be altered by varying the mobile phases or sor-
bents, as well as by surface modifications involving reaction 
between silica support and reactive organosilanes of varying 
chain lengths. 
Because of its simplicity and better resolution power, 
reversed phase chromatography has become a widely used 
method for chemical analysis of complicated mixtures. As a 
M. Ajmal, A. Mohammad, N. Fatima, A. H. Khan, Environmental Research 
Laboratory, Department of Applied Chemistry, Z.H. College of Engg. and Tech-
nology, Aligarh Muslim University, Aligarh 202 002, India. 
result, a number of studies have been reported on the sep-
aration of metal ions using various mobile and stationary 
phases [1-14]. Most of these reversed phase studies are 
based on the use of paper and column chromatography and 
little attention has been paid to the use of TLC [15-18]. 
Separation of Zn(ll) from Cd(ll) is of great interest because of 
close resemblance in their chromatographic behavior. Sev-
eral attempts have been made to achieve their mutual sep-
aration by using normal and reversed phase paper chroma-
tography [19-21], ion exchange chromatography [22], sol-
vent extraction [23], normal phase TLC [24], and by precipita-
tion [25]. It is surprising that no work has been reported on 
reversed phase TLC for the separation of Zn(il) from Cd(ll). It 
was therefore decided to establish optimum conditions for 
the separation of Zn(ll) from Cd{ll), Ni(ll), and Co(ll) by 
reversed phase TLC using tributylamine (TBA) as stationary 
phase on a silica gel (SG) support. Aqueous solvent systems 
containing variable concentrations of formic acid and sodium 
formate were used as mobile phases. 
2 Experimental 
2.1 Apparatus 
A thin layer chromatography apparatus (Toshniwal, India) for 
the preparation of silica gel thin layers on 20 x 3 cm glass 
plates was used. Chromatography was performed in 24 x 
6 cm glass jars. An Eiico pH meter was used for pH measure-
ments. 
2.2 Reagents 
Silica gel G from BDH, TBA from Fluka, sodium formate (SF) 
and formic acid (FA) from E. Merck (India) were used. All other 
reagents were of analytical grade. 
2.3 Test Solutions and Detectors 
The 0.1 M solutions of nitrates, chlorides, or sulfates of most 
of cations were prepared in 0.1 M solutions of the corre-
sponding acids. Various known volumes of standard solu-
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Coumarins of Peucedanum palustn 
between all compounds. The off-line UV spectra of all six 
compounds are depicted on top of the densitogram; all of 
them show a maximum between A = 320 and 335 nm. 
The densitogram of the extract (Figure 9b) gives evidence of 
an equally good separation. The off-line UV spectra of the 
minor unknown compounds (a-d) are shown on top of the 
densitogram. According to the UV spectra these are also 
coumarin type compounds. 
4 Conclusion 
Multi-component eluents form fronts [16] along the plate 
below the a-front during the development of the TLC plate. 
These fronts are usually not seen in TLC, but they may be 
observed indirectly when a very sharp compound zone 
appears in the chromatogram. In OPLC as a completely 
unsaturated system, the multi-front effect is more prominent 
in the linear development mode and the fronts are clearly 
visible. If a substance zone migrates together with the (3- or 
Y-front, the interference can be eliminated in three ways: 
- The solvent strength can be varied to place the interfering 
front at a slightly different Rf value, where it does not migrate 
with a compound. 
- The same may be achieved with a small change in the 
selectivity of the eluent. However, this approach is more 
complicated than the previous one. 
- The sample can be applied at different distances from the 
solvent inlet so that the front will be placed between the 
substance zones. 
The mobile phase optimized with the "PRISMA" system gave 
a satisfactory separation of the six coumarin isomers from P. 
palustre by TLC. With all the forced-flow techniques used, 
the separation could be improved. Comparing the linear and 
circular OPLC separation, the separation was better in the 
lower Rf range in the circular mode, but resolution at the 
higher flf values was better in the linear mode. Comparing the 
linear and circular U-RPC separation, the circular mode gave 
the better separation. The number of samples is also higher in 
circular mode due to the pathways which have to be 
scratched into the layer for the linear separation which 
diminishes the available area for separation. 
With circular OPLC and U-RPC, excellent baseline separa-
tions were achieved. In this case, circular U-RPC is superior 
to circular OPLC, as the former technique allows the analysis 
of three times the number of samples. The method developed 
could be used for the qualitative and quantitative analysis of 
plant material and extracts. 
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tions of metal ions were taken to study the effect of loading 
on the flf values. To study the effect of pH of metal solutions 
on the flf value of cations, the pH of the sample solutions 
were brought to the required value by the addition of either 
dilute NaOH or dilute HCi. Zn^* and Cd^* were detected with 
dithizone solution and other metal ions were detected by 
using conventional spot test reagents [26]. 
2.4 Preparation of Chromatoplates 
2.4.1 Preparation of Plain SG Thin Layer Plates 
SG was slurned with demineralized water in the ratio of 1:3 
with constant shaking for 5 minutes. The resulting slurry was 
coated on clean glass plates with the help of an applicator to 
give a layer of 0.25 mm. The plates were air dried first and 
then kept at 100°±5°C for 1 h in an electncally controlled 
oven. The plates were cooled to room temperature in a 
closed chamber before use. 
2.4.2 Preparation of TBA Impregnated SG Thin Layers 
Impregnated silica gel thin layers were prepared by two 
methods. 
Direct Impregnation Method: 20 g of silica gel was shaken in 
a conical flask with 60 ml of 10-70% TBA solution in benzene 
(V/V) to obtain a homogeneous slurry. The resultant slurry 
was spread over glass plates to form a layer of uniform thick-
ness (= 0.25 mm). Benzene was allowed to evaporate at 
room temperature. The plates were heated at 100 ± 5°C for 
1 h and then cooled to room temperature in a closed 
chamber. 
Indirect Impregnation Method: The plain SG plates were first 
prepared by adopting a method as mentioned above and 
then were impregnated by placing them in chromatographic 
jars for development containing a 10-70% TBA solution in 
benzene (VA/). Benzene was allowed to evaporate at room 
temperature and then the plates were heated at 100° ± 5°C 
for 1 h in an electrically controlled oven. The plates were 
cooled to room temperature in a closed chamber and then 
used as such. 
2.5 Solvent Systems Used 
(i) Aqueous FA (10"^ 10"^ 0.1,1.0, 5.0,10.0, and 20.0 M) 
(ii) Aqueous SF (10•^ 10"^ 0.1, 1.0, 2.0, 5.0 M) 
(ill) Mixtures of 1.0 M aq. FA and 1.0 M aq. SF (8:2, 6:4, 
1:1, 4:6, and 2:8 ratio) 
2.6 Procedure 
The sample solution (3-5 nl) was loaded on plain or TBA 
impregnated SG chromatoplates with the help of micropi-
pettes. The spots were dried at room temperature before 
development. The glass jars containing mobile phase were 
covered with lids and left for 10 minutes before introducing 
the plates for development. The plates were developed in the 
chosen mobile phase by the ascending technique with a sol-
vent run to 10 cm in all cases, unless otherwise stated. After 
development, the plates were air dried and the cations were 
detected by spraying appropnate colonng reagents. The flf 
values were calculated from the values of Ri (flf of leading 
front) and Rj (flf of trailing front). 
3 Results and Discussion 
The results of this study are summarized in Figures 1-4 and 
Tables 1-6. 
Table 1 
Binary separations achieved on silica gel layers impregnated 
with 40% TBA in different solvent systems. 
Solvent system Separations achieved (R^ - Rj) 
1.0 M FA VO^*(0.3-0.15)-Ti''*(0.0-0.0) or AP (^0.8-0.7) 
VO2*(0.3-0.15)-W«*(0.0-0.0) or Ni^ *(1 0-0.8) 
AI^*(0.6-0.5)-Ti''*(0.0-0.0) 
Fe'10.7-0.5)-Ti''*(0.0-0.0) 
Ti''*(0.0-0.0)-Ni^*(0.9-0.7) 
UOi*(0.8-0.6)-Ti''^(0.0-0.0) or VO *^(0.35-0.2) 
Fe'"(0.0-0.0)-mixtures of H\'*, Co'* 
Mn2*(1.0-0.8)-Cu'*(0.3-0.2) or Fe^*(0.1-0 0) 
Mn^*(1.0-0.8)-BP*(0.1-0.0) or Zn'*(0.05-0.0) 
UOi*(0.25-0.22)-Co'"(0.8-0.7) 
AP*{0.2-0.1)-CU'"(0.3-0.26) or Cd'*(0.8-0 7) 
AP*(0.2-0.1)-N|2*(1 .0-0.9) 
Zn2*(0.28-0.17)-Cd2*(0.8-0.66) 
UOi*(0.36-0.33)-Zr^10.0-0.0) 
Ti''*(0.0-0.0)-AP*(0.42-0.2) or Ta "^(0.45-0.3) 
Se''*(1.0-0.9)-Pb'* or Bi^ *(0.0-0.0) 
Se''*(1.0-0.9)-Ti''*(0.0-0.0) or Fe *^(0.25-0.0) 
Se''*(1.0-0.9)-Zn'*(0.25-0.1) 
La^*(0.75-0.6)-Zr^*(0.0-0.0) 
VO'*(0.3-0.0)-Zn'*(0.6-0.45) or Cd'*(0.6-0.4) 
1.0 M SF 
1.0 M SF + 
1.0 M FA (8:2) 
1.0 M SF + 
1.0MFA(4:6) 
1.0 M SF + 
1.0 M FA (6:4) 
Tr(0.66-0.52)-TP*(0.0-0.0) 
Cr'*(0.53-0.45)-Ni^*(1 -0-0.9) 
Se''*(0.68-0.50)-Bi^ *(0.08-0.0) or Pb'*(0.0-0 0) 
Zn'*(0.83-0.7)-Ni'*(1.0-0.9) 
Cd'*(0.7-0.5)-Ni'*(1.0-0.8) 
Fe^*(0.75-0.4)-N|2* + Co'*(1.0-0.8) 
Reversed phase chromatography on SG impregnated with 
TBA gave excellent results. The thin layers were of good qual-
ity. However, the plates prepared by direct impregnation 
proved superior to those obtained by indirect impregnation. 
The time of development ranged from 1-2 h depending upon 
the mobile phase composition. The spots were compact and 
well formed in all solvent systems and at all percent impreg-
nations (10-70%) of TBA. However, Cd^^ Ag^ HgJ^ and 
Hg^* showed some tailing (Ri - Rj > 0.3) in some solvent 
systems. The flf values of metal ions were found to depend 
upon the time and temperature of drying of the impregnated 
SG plates. The plates were quite stable in acidic developers 
and also in 1.0 M SF but at a higher pH of mobile phase the 
plates were deformed on drying. Specifically, the plates 
developed in 5.0 M aqueous SF (pH = 7.75) were deformed 
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Table 2 
Binary separations obtained on silica gel layers impregnated 
with 60% and 20% TBA using different solvent systems. 
% Impreg- Solvent system Separations achieved (AL - ^T) 
nation with TBA 
60 1.0 M FA 
60 
60 
20 
1.0 M S F 
1.0 M SF + 
1.0 M FA (8:2) 
1.0 M SF + 
1.0 M FA (8:2) 
AP*(0 .55-0 .45) -N |2* (0 .8 -0 .7 ) 
Ti''*(0.0-0.0)-Ni^*(1.0-0.7) 
Ti''*(0.0-0.0)-Ta2*(0.95-0.45) 
Zn2*(0.0-0.0)-Ta'"(0.9-0.4) 
Zr^*(0.0-0.0)-Th''*(0.8-0.45) 
Ti''*(0.0-0.0)-Th''*(0.85-0.5) 
IVIn='*(0.7-0.55)-BP*(0.0-0.0) 
VO^*(0.6-0.5)-Ti''*(0.05-0.0) 
VO2*(0.6-0.5)-2i^*(0.05-0.0) 
VO2*(0.05-0.4)-W^*(0.04-0.0) 
VO2l0.45-0.3)-Cu'*(1.0-0.9) 
VO^"(0.55-0.35)-Cu'*(1.0-0.9) 
Zn2"(0.1 -0.0)-Cd2"(1.0-0.75) 
Zn2*(0.3-0.2)-Hg'"(0.04-0.0) 
Hg2*(0.35-0.25)-Pb^*(0.1 -0.0) 
Cu^*(0.3-0.2)-Ni2*(1.0-0.9) 
Cd'*(0.9-0.7)-Ag*(0.0-0.0) 
VO2*(0.2-0.0)-Cd^*(0.9-0.7) 
VO^*(0.2-0.0)-Fe^*(0.63-0.45) 
Table 4 
Quartemary separations achieved on silica gel layers impreg-
nated with 40% TBA by using solvent system containing 1.0 M SF 
and 1.0 M FA in an 8:2 ratio (ascent 12cm). 
Separations achieved (fl,. - Rj) 
AP*(0.2-0.17)-Cu2*(0.3-0.28)-Ni2*(0.9-0.6)-TI''*(0.0-0.0) 
AI'"(0.2-0.15)-Cd2"(0.8-0.7)-Ni2*(0.9-0.8)-Ti''*(0.0-0.0) 
Ti''*(0.0-0.0)-UOf (0.46-0.44)-Co'11.0-0.9)-AI^*(0.15-0.14) 
Ti''*(0.0-0.0)-Zn^"(0.4-0.36)-Cd^*(0.9-0.75)-Ni2"(1.0-0.9) 
Ti''*(0.0-0.0)-Co^"(1.0-0.8)-Cr^"(0.2-0.15)-Cd=^"(0.63-0.52) 
Cr^10.07-0.0)-Bi^10.45-0.37)-Cd2*(1.0-0.8)-Co'"(0.8-0.7) 
Cr3"(0.17-0.16)-Ag"(0.0-0.0)-Cd^*(0.85-0.73) 
Table 5 
TLC data for some metal ions on SG layers impregnated with 
40% TBA using 1.0 M SF •«• 1.0 M FA (8:2) as solvent system. 
Table 3 
Ternary separations achieved on silica gel layers impregnated with variable concentrations of TBA in different solvent systems. 
Metal ions/Metal salts 
Cu^Vcopper chloride 
Ni^Vnickel sulfate 
Co^Vcobalt chloride 
Zn^Vzinc chloride 
Cd^Vcadmium nitrate 
Concentra-
tion range 
loaded (^g) 
1.0-400 
0.5-400 
10.0-600 
0.5-400 
10.0-200 
Range of R, 
obtained 
0.3 -0.37 
0.94-1.0 
0.9 -1.0 
0.33-0.41 
0.72-0.85 
Lower 
detectability 
level (|ig) 
1.0 
0.5 
10.0 
0.3 
1.0 
% Impregnation with TBA Solvent system Separations achieved {R^ - Rj] 
20 
40 
40 
40 
60 
60 
70 
1.0 M FA + 
1 . 0 M S F ( 8 : 2 ) 
1.0 M FA + 
1 . 0 M S F ( 8 : 2 ) 
1.0 M FA + 
1 . 0 M S F ( 4 : 6 ) 
1.0 M FA + 
1.0 M SF (6:4) 
1.0 M FA 
1.0 M FA + 
1.0 M SF (8:2) 
1.0 M SF + 
1.0 M FA (8:2) 
Zn2^(0.65-0.1)-Cd^*(0.9-0.7)-Ti''*(0.0-0.0) 
Ti''*(0.0-0.0)-UOf(0.36-0.33)-Ni^"(1.0-0.7) 
Ti''"(0.0-0.0)-Zn^*(0.4-0.3)-Co2*(0.95-0.9) 
Ti''*(0.0-0.0)-UOf(0.36-0.33)-Ni'*(1.0-0.87) 
Ti''*(0.0-0.0)-UOf(0.36-0.33)-Co^*(1.0-0.85) 
VO2*(0.20-0.0)-UOf(0.48-0.4)-Ti''*(0.0-0.0) 
AP(0.26-0.25)-Ti''*(0.0-0.0)-Cd^*(0.55-0.5) 
AP*(0.1 2-0.10)-Ni2*(1.0-0.9)-Ti''*(0.0-0.0) 
Co^*(0.85-0.7)-Ti''*(0.0-0.0)-AP*(0.55-0.45) 
Cu2"(0.35-0.20)-Cd'"(1.0-0.8)-Pb2*(0.0-0.0) 
Zn2*(0.23-0.20)-Cd^*(0.95-0.8)-Pb^*(0.0-0.0) 
Zn2*(0.27-0.25)-Cd2*(0.95-0.8)-Hgi*(0.0-0.0) 
UOf (0.27-0.25)-Fe^*(0.1 -O.0)-Co^*(1.0-0.9) 
VO2 (^0.1 -0.0)-Fe^*(0.35-0.3)-Co^*(1.0-0.9) 
Cu2*(0.3-0.2)-NP*(1.0-0.92)-Ag*(0.0-0.0) 
Cu^*(0.3-0.25)-Cd^*(0.97-0.8)-Bi^*(0.06-0.0) 
TI^*(0.23-0.2)-Cd^*(1.0-0.8)-Ag*(0.0-0.0) 
TP*(0.23-0.2)-Hg^*(0.0-0.0)-Cd'*(1.0-0.8) 
TP*(0.38-0.35)-Pb^*(0.1 -0.0)-Cd^*(1.0-0.95) 
TP(0.27-0.25)-Ti*(0.0-0.0)-Ni^*(1.0-0.95) 
Zn2*(0.22-0.15)-Cd^*(0.88-0.77)-Ti''*(0.0-0.0) 
Tr(0.75-0.65)-Zn2*(0.3-0.18)-Bi^*(0.0-0.0) 
Zn^"(0.1-0.05)-Tr(0.65-0.5)-Pb^*(0.0-0.0) 
UOf(0.28-0.24)-Zr^*(0.0-0.0)-Co'*(0.95-0.8) 
Cu2*(0.3-0.25)-Co^*(1.0-0.9)-Ti''*(0.0-0.0) 
Cu2*(0.3-0.25)-Co^*(1.0-0.85)-Zr^*(0.0-0.0) 
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Table 6 
TLC parameters for the separation of Zn'^  from Cd'^ , 
and Co'^  with 1.0 M SF •<• 1.0 M FA (8:2) solvent system. 
Ni^  
% Impregnation 
with TBA 
40 
60 
70 
Separating cation 
pair 
Zn-Cd 
Zn-Ni 
Zn-Co 
Zn-Cd 
Zn-Ni 
Zn-Co 
Zn-Cd 
Zn-Ni 
Zn-Co 
TLC parameters 
Afl, 
0.52 
0.52 
0.48 
0.65 
0.71 
0.69 
0.73 
0.78 
0.72 
a 
10.1 
16.3 
11.98 
25.69 
60.76 
45.14 
48.8 
86.6 
39.6 
fls 
5.3 
4.38 
5.3 
4.66 
7.00 
7.00 
5.33 
9.62 
6.27 
on drying. The effects of various factors on the chromato-
graphic behavior of metal ions are given below. 
3.1 Effect of Aqueous SF Concentration on the Mobility 
of Metal Ions 
On the basis of their chromatographic behavior on SG layers 
impregnated with 40% TBA in varying concentrations of SF 
(0.001 to 5.0 M), metal ions can be classified into the following 
groups: 
(i) Metal ions such as UOf, Fe^^ AP, Ag^ Pb2^ B\^\ TP^ 
and Ti"* showed no mobility over the entire range of SF con-
centrations. The low flf value for these metal ions may be 
attributed to the formation of anionic/neutral complexes with 
SF similar to those reported by Qureshi et al. [27] for few 
cations. Hg2* and Hg^* produced tailed spots starting from 
the point of application. 
(il) Ni^ "" and Co^ "^  moved with the solvent front giving high flf 
(= 0.9) over the whole concentration range. The absence of 
sorption in these cases may be attributed to the lack of for-
mation of anionic metal formate complexes. 
(iii) Metal ions like T\* and Cd "^^  showed an increase in mobil-
ity with the increase in SF concentration giving /?, equal to 0.9 
in 5 M SF. The increase in fl, value with the increase in SF 
concentration is probably due to increased complexation at 
higher pH. 
(iv) Cu^* and Zn^* did not move in solvents containing up to 
1.0 M SF. However, a sudden increase in their flf values was 
observed in 2.0 M and 5.0 M SF. 
All the metal ions were detected satisfactorily at all SF con-
centrations (0.001-5.0 M). The development time increases 
with the increase in molar concentration of SF until it reaches 
to 2 h in 5.0 M SF. 
3.2 Effect of FA Concentration on Xhe Mobility of Metai 
Ions 
The study of chromatographic behavior of metal ions on 40% 
TBA impregnated SG plates in acidic developers containing 
varying molar concentrations of aqueous FA (0.001-20.0 M) 
gave some interesting results. The main points emerging 
from this study are as follows: 
(i) Hg2* formed elongated spots at all FA concentrations while 
Bi^^ and Cd '^^  produced tailed spots (starting from the origin) 
in 5-20 M and 0.001 M - 0.1 M FA, respectively. 
(ii) Ag*, Pb "^^ , and Ti"* remained at the point of application at 
all FA concentrations used. Conversely, Ni^* and Co^* moved 
with the solvent front, probably due to the solvation of these 
ions/complexes by the mobile phase. 
UOl" J2, Fe^", A|3^ Bi^", Zn2^ Cr3^ Cu=^ and Cd^" did not 
move in mobile phases containing up to 0.1 M FA. On further 
increase in acid concentrations, these metal ions show signif-
icant mobility giving flf 0.7-0.9 in 1.0 M FA. The ftf values 
reach a maximum (flf = 1.0) at higher FA concentrations (i.e. 
5-20 M). The higher FA concentration was found unsuitable 
because of (i) spreading of spots, (ii) longer development time 
(iii), less sharp detection of most of the metal ions. 
The increase in flf with increasing molar concentration of FA 
is attributed to the increase in the number of H* ions compet-
ing with the cations or cationic complexes for the exchange 
sites. 
3.3 Effect of TBA Impregnation on the Mobility of Metal 
Ions 
Figure 1 shows that TBA impregnated SG layers are more 
strongly sorbing than unimpregnated or plain SG layers for 
l O M S F 
1 1-0MSF + 1OM FA (1:1) 
tOM FA 
0-1M FA 
cations 
Figure 1 
Comparison of selectivities of TBA-impregnated and unimpregnated 
silica gel layers in different solvent systems. 
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most of the metal ions, as indicated by positive values of A/?,. 
Here Aftf is the measure for the difference in the flf values of 
metal ions on unimpregnated and impregnated SG layers, i.e. 
Aflf = Rf on unimpregnated SG layers - Rf on impregnated 
SG layers. Thus, TBA impregnation enhances the selectivity 
of the plain SG layers. 
Figure 2 shows the effect of the degree of impregnation of 
TBA on the Rf values of metal ions in 1.0 M FA and in 1.0 M FA 
+1.0 M SF (2:8) solvent systems. The Rf values for only those 
cations which gave compact spots were taken for plotting the 
figures. It is evident from Figure 2 that, in 1.0 M FA, the Rf 
values generally decrease with increasing degree of impreg-
nation. However, Cd^ "^  and Bi^ "^  showed constancy of Rf val-
ues at all degrees of impregnation. Zn^* showed significant 
tailing (fl, = 0.0-0.6) over 10-20% impregnation. 
In solvent system containing a mixture of 1.0 M FA and 1.0 M 
SF in a ratio of 2 8, the plots (Figure 2) showed frequent 
fluctuations over the entire range of TBA impregnation. Inter-
estingly, a few cations showed stronger sorption at 30% TBA 
impregnation. Detection of all metal ions was very clean and 
sharp at all degrees of impregnation but the spots were more 
compact at higher degrees. The shapes of these curves can 
be tentatively explained on the basis of the existence of a 
neutral, positive, or negative species as well as the possible 
formation of less strongly adsorbed higher charged negative 
complexes. Some other phenomena, such as the adsorption 
in the network of the support, precipitation in the network of 
the support, precipitation, hydrolysis, and solvent-solvent 
interactions, may play an important role affecting the sorption 
behavior of metal ions on impregnated SG layers. 
3.4 Effect of Mixed Solvent Systems Containing Mixture 
of 1.0 M FA and 1.0 M SF on the Mobility of Metal Ions 
It IS clear from Figure 3a that 1 0 M SF is the best solvent for 
the separation of Zn^^ from Gd^^ Ni^ ^ and Go^ + on 60% TBA 
impregnated SG layers. However, the separation of Cd^* 
from Zn^* in this solvent is also possible on 40% impregnated 
plates but the greater tailing of Gd^ '^  decreases the resolution 
of Its separation from Zn^* (Figure 3b). It is obvious from 
Figure 3b that 1.0 M SF behaves differently from 1.0 M FA as a 
mobile phase. Most of the cations move faster in FA and 
produce more compact spots compared to SF. Ni^ "^  and Co^ "^  
show identical behavior in both the solvent systems and 
move with the solvent front. Figures 3c-d, summarize the 
chromatographic behavior of metal ions in solvent systems 
containing mixtures of 1.0 M FA and 1.0 M SF in different 
molar ratios. Evidently, most of the metal ions show relatively 
greater mobility and higher compactness in solvents contain-
ing higher percentages of FA. 
I -
-
-
1 
* 
Zn^^ 
tt 
1 1 
10 20 30 40 50 60 70 
Vo imprtgnotion with TBA 
10 20 30 1,0 SO 60 ;o 
Vfl impregnotion with TBA 
10 r 
0 8 
I 06 
Rf 0 A 
0 2 
0 0 
-$.-' •^-<*-< 
10 
0 8 
t 0 6 
Rf 0 4 
0 2 
CD 
10 
oe 
0 6 
Rf 0 4 
0 2 
0 0 
1 0 
0 8 
0 6 
Rf 0 4 
0 2 
0 0 
2+ 
Al 
-"--^ —° "-
~~c^--?-. • 0 - - 0 - - 0 — 
Pb 2+ 
"^ ^^ '^^ "^—=^  ~-lff — 9 — - " I — ° 
Hg 2+ 
10 20 30 40 50 60 70 
Va impragnotion with TBA 
10 20 30 40 50 60 70 
•/• imprtgnation with TBA 
Figure 2 
Plot of R, Vs percentage impregnation of TBA in benzene. -®—®- 1.0 M FA; - 0 — 0 - 1.0 M FA + 1.0 M SF (2:8). 
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1 OM SF 
A-1 OM SF + 1 OM FA(8 2) 
B-) OM SF + 1 0MFA(2 8) 
C-1 OM SF + 1 OMFAd 1) 
A-1 0MSF + 10MFA(6 4) 
B-=l OM SF + 1 OM FA(6 6) 
cations 
Figure 3 
Plot of R, vs metal Ions in different solvent systems, a = 60% TBA impreg-
nated SG layers, b, c, d = 40% TBA Impregnated SG layers. 
• — • Compact spots; • — • Tailed spots with RL - " T > 0.4; O — O 
Tailed spots with R^  - ^^T < 0.4. 
layers in mobile phase containing a mixture of 1.0 M SF and 
1.0 M FA in 8:2 by using unbuffered sample solutions without 
adhenng to the close control of the sample pH. 
Enhancement of the selectivity of SG layers by impregnation 
with TBA provides an opportunity to achieve many analyti-
cally important separations. Many such separations have 
actually been realized and are tabulated in Tables 1-4. Sep-
arations such as Zn2+-Cd2^ AP*-Cu2^ yo^*-T\^\ V02^-W«^ 
Th''+-Zr^^ Fe^^-T|3^ A\^*-Cu^*-U\^^-T\^\ Cr^^-Bi^"-
Cd^^-Co^^ Zn^^-Cd^^-Pb^^ and Zn^^-TI^-Pb^^ are worth 
mentioning. 
Table 5 summarizes the results of the effect of loading on the 
flf values and the lowest possible detectable amount of metal 
ions on the chromatoplates. TBA impregnated SG layers 
gave highly compact spots over a wide range of loading of 
the metal ions. 0.5 ng of Ni^ "^  gave flf equal to 0.94 while it is 
1.0for400|jgof N|2^ 
In order to present a clearer picture regarding the separation 
of Zn^ "^  from Cd^ "^ , Ni^ "^ , and Co^ "^ , some TLC parameters such 
as Aflf (flf of separating metal ion - flf of Zn *^), separation 
factor (a) and resolution {R^ have been calculated. These 
data are shown in Table 6. The values for a and R^ have been 
calculated by using the following relationships 
(I) a =KyKl, (M = separating metal) 
where K' is a capacity factor which measures the degree of 
retention of a solute compared to the solvent. 
AX 
3.5 Effect of pH of Metal Solutions on the Separation 
of Zn *^ from Ni^ *, 00^ %^ and Cd^ ^ 
Figure 4 shows that the Rf values of Zn^*, Ni^ *, Go *^, and 
Cd^* are independent of the pH of the sample solution in the 
pH range of 1-5. Thus a good separation of Zn^* from these 
metal ions can be obtained on 60% TBA impregnated SG 
1 0 
08 
06 
Rf 0 4 
02 
00 
Cd ,^* Ni and Co *^ 
.—•—• 
1 2 3 4 
pH of mttal solutions 
Figure 4 
Plot of pH of metal solutions vs. R, on silica gel layers impregnated with 
60% TBA in solvent system containing 1.0 M SF and 1.0 M FA in an 8:2 
ratio. 
1/2 (c/i + c/2) 
where AX is the distance between the centers of spots and 
c/i, c/2 are their respective diameters. Two solutes are just 
separated if ftg is equal to 1. It is clear from Table 6 that a 
good separation of Zn^'' from Cd '^', Ni^ "^ , and Go^ * can be 
carried out by the proposed method. The AWf value is always 
greater than 0.5. A high value of separation factor and well 
resolved spots with fls > 5 are the added advantages of this 
study. 
The proposed method, consisting in the use of 40-60% TBA 
impregnated SG layers and a mixture of 1.0 M SF and 1.0 M 
FA in a 8.2 ratio as developer is very reliable and reproduc-
ible for achieving the separation of a particular cation from 
others in general. It is especially useful if one needs sharper 
and clearer ternary and quarternary separations The spots 
are so well formed and compact that good quarternary sep-
arations are always possible. It is a very reliable method for 
separating Zn^* from Cd^* over a reasonable pH range of 
sample solutions. 
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Thin-layer chromatography in combination with spectrophotometry has been applied for 
the separation and estimation of Hg(II) using silica gel layers impregnated with 2% oxalic 
acid as stationary phase with an ethyl acetate:acetone;fonnic acid:water (8:7:4:1) solvent 
system. Separation of Hg(II) from Hg(I) and of Th'** from UOj^* is not affected by the 
presence of common anions in the sample solution. Hg(II) has been successfully separated 
from Ni(II), Cu(II), and Pb(II) over a wide range of pH (0.5-7.0) of sample solution. An 
attempt has been made to recover Hg(II) from rivers and industrial wastewaters. © 1989 
Academic Press, Inc. 
INTRODUCTION 
The high efficiency of thin-layer chromatography (TLC) has resulted in its wide 
application in the analysis of solutions containing inorganic ions. In normal phase 
TLC, various solvent systems and several adsorbent phases such as hydrous 
solids (7-5), synthetic inorganic ion exchangers {6-7), cellulose derivatives {8-10), 
and mixed adsorbents {11-13) have been employed in order to achieve some 
interesting separations of metal ions. Most of the studies have been made on 
untreated silica gel or silica gel treated with organic compounds. However, a few 
references showing the use of silica gel impregnated with aqueous inorganic salt 
solutions or mixed with NH4NO3 in combination with starch or cellulose are also 
available in the literature {14-18). Silica gel impregnated with acids or buffer 
solutions as stationary phase {19-23) has been infrequently used for the analysis 
of rare earth elements. 
It was, therefore, considered worthwhile to develop new adsorbent phases by 
treating silica gel with appropriate concentrations of mineral as well as carboxylic 
acids and to explore their analytical potential in the analysis of metal ions. 
There has been considerable interest in the chromatographic separation of 
Hg^^ from Cd, Zn, Cu, Pb, Co, and Bi, where various combinations of stationary 
and mobile phases have been utilized {24-27). On the other hand, the separation 
To whom correspondence should be addressed. 
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of different valence states of mercury has assumed practical importance because 
of their adverse effects on living organisms. 
The stationary and mobile phases proposed in this paper make possible the 
separation of Th''^ from UOj* and of Hg^^ from Hg|^ as well as from other 
numerous ions. The separation efficacy has been established by determining Hg^ "^  
spectrophotometrically with dithizone from the eluate obtained after its chromato-
graphic separation. Our present study removes the limitations of earlier investi-
gations made so far by providing the following additional information: 
(i) The separations of Hg^+ from Hg|+ and of l]Ol^ from Th'*"^  are not im-
paired by the presence of common anions in the sample and hence their removal 
from sample solution prior to the separation of Hg^^ or \JOl* is not required. 
(ii) The Rp values of Hg^*, Pb^^, Cu^" ,^ and Ni^^ remained almost constant 
over the pH range 0.5-7.0 of the sample solution. 
(iii) The maximum loading limits of Pb^^, Cu^^, and Ni^^ for the successful 
separation of Hg^^ from these ions have been evaluated. 
(iv) The separation is rapid, requiring about 45 min for complete separation, 
while the methods proposed by De and co-workers {24, 25) needed 4-8 h. 
(v) The proposed method has been successfully employed for the determination 
of Hg^^ in the samples of river water and synthetic industrial wastes. 
EXPERIMENTAL 
Apparatus 
A thin-layer chromatography apparatus (Toshniwal, India) for the preparation 
of silica gel thin layers on 20 x 3-cm glass plates was used. Chromatography was 
performed in 24 x 6-cm glass jars. A digital pH meter CP 901 was used for pH 
measurements and HACH DR-EL/4 spectrophotometer was used for colorimetric 
determination of Hg^^. 
Reagents and Materials 
Silica gel G (SG, BDH); oxalic acid; mercuric chloride and carbon tetrachloride 
(E. Merck); dithizone (Chemical Drug House, India); and ethyl acetate, amy! 
alcohol, acetone, and formic acid (Glindia Ltd.) were used as received. All other 
reagents were of analytical grade. 
Preparation of Chromatoplates 
Preparation of plain SG thin-layer plates. Twenty grams of SG was slurried 
with 60 ml of demineralized water with constant shaking for 5 min. The resulting 
slurry was coated on clean glass plates with an applicator to produce a layer 0.25 
mm thick. The plates were air-dried first and then activated at 100 ± 5°C for I h 
in an electrically controlled oven. The plates were cooled to room temperature in 
a closed chamber before use. 
Preparation of acid-impregnated SG thin-layer plates. Twenty grams of SG was 
shaken in a conical flask with 60 ml of 0.1-10% aqueous solutions of various acids 
to obtain a homogeneous slurry. The slurry so obtained was spread over glass 
plates to form a layer of uniform thickness (=^0.25 mm). The plates were air-dried, 
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activated at 100 ± 5°C for 1 h, cooled to room temperature, and kept in a closed 
chamber until used. The plates remained quite stable for several hours. 
In the following two tables are given the solvent systems used and the adsor-
bents tested in this study. 
Solvent 
system 
So 
s, 
S, 
S3 
S4 
S5 
S6 
S7 
Ss 
s. 
Sio 
s„ 
S,2 
S,3 
S,4 
S,5 
Composition by volume 
Ethyl acefate:acetone:fonnic acid:water 
10:7:2:1 
8:7:4:1 
6:7:6:1 
4:7:8:1 
2:7:10:1 
6:9:4:1 
10:5:4:1 
12:3:4:1 
14:1:4:1 
15:0:4:1 
0:15:4:1 
8:7:4:1 + few crystals of NaCl 
Amyl alcohol:ethyl acetate:formic acid:water 
10:8:2:1 
Amyl alcohohethyl acetate 
1 -1 
1. i 
Amyl alcohohethyl acetate:formic acid:water 
7:8:1:4 
Amyl alcohol:ethyl acetate:formic acid:water 
7:8:4:1 
Adsorbents Impregnants on silica gel 
Ao 
A, 
A2 
A3 
A4 
A, 
A, 
A7 
As 
A, 
Aio 
A„ 
An 
A,3 
A,4 
Plain silica gel 
2.0% Oxalic acid 
5.0% Perchloric acid 
0.1% Hydrochloric acid 
2.0% Hydrochloric acid 
5.0% Hydrochloric acid 
W.0% Hydrochloric acid 
2.0% Perchloric acid 
2.0% Nitric acid 
2.0% Formic acid 
0.5% Formic acid 
0.5% Tartaric acid 
0.5% Citric acid 
0.5% Oxalic acid 
10.0% Oxahc acid 
River Water Sample and Synthetic Industrial waste 
Water samples were collected from the river Ganga and stored at laboratory 
temperature (28°C). Physicochemical analysis of the river water was carried out 
following Standard Methods for Examination of Water and Wastewater (28). The 
synthetic industrial waste was prepared as described by Campanella et al. (29). 
364 AJMAL ET AL. 
Procedure 
Qualitative separations. With the use of micropipets the sample solution (3-5(xl) 
was loaded on plain or acid-impregnated SG chromatoplates. The spots were 
dried at room temperature before development. The glass jars containing mobile 
phase were covered with lids and left for 10 min before introducing the plates for 
development. The plates were developed in the chosen mobile phase by the as-
cending technique with a solvent run to 10 cm in all cases. After development, the 
plates were air-dried and the cations were detected by spraying with standard spot 
test reagents. The Rp values were calculated from the values ofRj^ {Rp of leading 
front) and R^ (Rp of trailing front). 
To study the effect of the pH of the metal salt solution on the Rp values of 
Hg^^, Cu^^, Pb^^, and Ni^* of the pH of the standard solution of the concerned 
metal salt was brought to the required pH value by addition of a few drops of 
dilute sodium hydroxide solution or dilute hydrochloric acid. The fixed volumes 
of above cation solutions of varying pH values were applied on AQ and chromato-
graphed with S,. The ^p values were calculated after detection. 
To study the effect of anions on Hg^^ - Hgf ^ and U02^ - Th''^ separations, 
anion solution was mixed with the synthetic mixture of cations to be separated. 
The synthetic mixtures so obtained were spotted on AQ and the plates were de-
veloped with S,. The Rp values of cations were determined. 
The loading effect on the Rp values of metal ions was studied by spotting on \ 
the varying volumes (5 jj-l-O.Ol ml) of standard salt solutions of the cation con-
cerned. The chromatoplates were developed with Sj and Rp values were calcu-
lated. 
In order to widen the applicability of the proposed method, it was tested for the 
recovery of Hg^* from river waters and industrial wastewaters. For this purpose 
a standard solution of mercuric chloride (135.4 mg HgCl2/100 ml) was prepared 
directly in river water or synthetic industrial wastewater. Various volumes of this 
solution containing 5-14 pug of Hg^^ were spotted on AQ. The chromatoplates 
were developed with S, and the Hg^^ was determined spectrophotometrically. 
The results obtained are shown in Table 4. 
Spectrophotometric Determination ofHg^^ . The known volumes of synthetic 
mixture containing fixed amounts of Hg^^ were applied on A^ with a micropipet 
and the plates were developed in S,. A pilot plate was run simultaneously to locate 
the position of mercury by detecting it with dithizone. The area corresponding to 
Hg^^ was scratched out from the working plate. This material was treated several 
times with small portions of 1.0 Af H2SO4. The suspended particles of the SG, if 
any, were filtered off and the solution was diluted to 10 ml with 1 M H2SO4. Two 
milliliters of6N acetic acid was then added followed by a few milliliters of carbon 
tetrachloride. The mixture was shaken for 1 min to saturate the aqueous solution 
with the carbon tetrachloride layer. The latter was drawn out and 5 ml of 0.01% 
dithizone in carbon tetrachloride was added. The mixture was shaken vigorously 
for 5 min. The organic layer containing mercuric dithizonate was drawn out and 
dried over anhydrous sodium sulfate. The absorbance of mercuric dithizonate was 
measured at 490 nm against the reagent blank {30} prepared in the same manner. 
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The calibration graph for the spectrophotometric determination of Hg^^, ob-
tained under optimum experimental conditions, obeyed Beer's law in the concen-
tration range 5-15 |xg/10 ml of Hg^+ • Hg^+ in the presence of Hg| + , Pb^ + , Ni^^, 
and Cu^^ after chromatographic separation and elution according to the proce-
dure described above was determined by spotting mixed solutions containing 
Hg^^ (lOfjLg) and various concentrations of interfering ions on the adsorbent layer 
(the amounts of the interfering ions in the mixture are given in parentheses): Hg|^ 
(50 |xg), Pb^^ (10 mg), Cu^ "" (10 mg), and Ni^ "" (1.0 mg). The results are shown in 
Table 3, where it is seen that the proposed method allows the determination of 
Hg^+ (10 fi,g/10 ml) in the presence of Ni^  + , Cu^ + , Hgi+, and Pb^+ with a 
maximum error of ±5%. 
In order to establish the feasibility of the proposed method for the separation 
and estimation of mercuric chloride in river waters and industrial wastewaters, the 
solution of mercuric chloride (135.4 mg/100 ml) was directly prepared in river 
water or industrial wastewater. Ten microliters drop volume containing 10 y^g of 
Hg^^ was spotted on the chromatoplate and the Rp value of Hg^^ was deter-
mined. As hoped, more compact spots for Hg^^ with a slightly increased Rp value 
(Rp = 0.95) than spots obtained with a standard sample of Hg^^ {Rp = 0.85, 10 
|jLg Hg^^) were found. The different mobility of mercuric chloride may be attrib-
uted to comigration of HgClj with the salts present in river waters and industrial 
wastewaters. For example, HgCl2 showed high mobility with 0.1% NaCl as sol-
vent (31). 
RESULTS AND DISCUSSION 
The main points to emerge from this study are summarized below: 
(1) Among the solvent systems examined Sj was the best, providing better 
separations and sharp detected zones for cations. 
(2) Among the adsorbents tried, A, and Aj were found to be the best. The layers 
formed were of good quality, producing more compact and clear spots for most of 
the cations. 
(3) Ni^^, Cd^^, Zn^^, and Fe^^ tailed at all concentrations of HCl as impreg-
nant (A3-A6) while A P ^ tailed at lower concentrations of HCl. Other cations gave 
compact spots. Th''^, Bi^^, Ag*, Pb^^, and Tl"^  remained at initial points over 
the entire range of HCl concentration while Cu^ ^ , UO2 "^ , VO^ ^ , and Fe^ ^  gave 
constant but high Rp (Rp = 0.7-0.9). Co^+ gave Rp = 0.53 and 0.9 on A3 and A ,^ 
respectively, showing a gradual increase in its mobility with the concentration of 
HCl. 
(4) ^p values of most of the ions were higher on A4 than on A7, probably 
because of the greater complexing tendency of HCl than of HCIO4. Conversely, 
more compact spots were noted on HC104-impregnated SG layers. 
(5) Generally, the Rp value of most of cations increases with the concentration 
of FA in mobile phase. 
(6) The Rp values for Hg^^, Cu^ "*^ , Pb^" ,^ and Ni^^ were found to be indepen-
dent of the pH of their salt solutions in the range of 0.5-7.0. 
The results obtained on various adsorbents prepared by impregnation of silica 
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Metal ions 
FIG. 1. Plot of A^p (Rp on plain silica gel layers - Rp on silica gel layers impregnated with 2% 
oxalic acid) vs metal ions. O, Amyl alcohol + ethyl acetate + formic acid + water (7:8:4:1). A, 
Acetone + ethyl acetate + formic acid + water (7:8:4:1). 
Metal ions 
FIG. 2. Mobility of metal ions on mineral acid- and carboxylic acid-impregnated silica gel layers in 
ethyl acetate:acetone:formic acid:water (8:7:4:1). (a) O, 2% HCl-impregnated silica gel layer; ®, 2% 
HCL04-impregnated silica gel layer; A, HNOj-impregnated silica gel layer, (b) O, 2% formic acid-
impregnated siUca gel layer; ®, 2% oxalic acid-impregnated silica gel layer. 
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Metal ions 
FIG. 3. Comparison of the effects of hydrochloric acid and perchloric acid as impregnants on the 
mobility of cations in an ethyl acetate:acetone:formic acid:water (8:7:4:1) solvent system. | Tailed 
spot. X, 5% HCl-impregnated silica gel layer. O, 5% HC104-impregnated silica gel layer. 
gel with different acids (carboxylic and mineral acids) in various solvent systems 
are summarized in Figs 1-3 and Tables 1^ . 
In order to study the effect of oxalic acid as impregnant on the mobility of 
cations, the ARp (Rp on AQ - Rp on A,) in Sj and Sj, for the cations was plotted 
as shown in Fig. 1, where it is evident that with S|, metal ions either moved faster 
on AQ as indicated by positive values of A/?p or maintained the same mobility on 
TABLE 1 
Binary and Ternary Separations Actually Realized on Various Stationary 
Phases Using S, as Mobile Phase 
Stationary phase 100x(/?L - Rj) values for separated metal ions 
A4 
Cu^ + 
Cu^+ 
Cu^-
Cu^+ 
Cu^ + 
Fe'+ 
Fe^ + 
Zn^+ 
Cd^+ 
Zn^+ 
Cd^-^ 
Cu^+ 
Fe ' + 
Fe=' + 
UOi^ 
Cu^+ 
Zn^ + 
Cu2 + 
(10.0-0.0)-Hg^+ (75.0-45.0) 
(10.0-0.0)-Fe'+ (90.0-70.0) 
( 1 5 . 0 0 - 0 . 0 ) - A F + (50.0-25.0) 
(75.0-65.0)-VO'+ (55.0-38.0)-Th''+ (15.0-0.0) 
(70.0-60.0)-V0^+ (40.0-30.0)-Th''+ (0.0-0.0) 
(87.0-70.0)-VO^+ (47.0-30.0)-Bi3+ (10.0-0.0) 
(67.0-46.0)-V0'+ (30.0-22.0)-W'+ (0.0-0.0) 
(90.0-70.0)-Fe^+ (55.0-40.0) 
(55.0-35.0)-Zn^+ (100.0-78.0) 
(100.0-77.0)-Tr (30.0-0.0) 
(80.0-64.0)-Tr (30.0-0.0) 
(100.0-75.0)-VO^+ (70.0-46.0)-Pb^+ (0.0-0.0) 
(74.0-60.0)-Fe^+ (48.0-30.0)-Ag+ (19.0-0.0) 
(80.0-70.0>-VO2+ (65.0-48.0)-Zr''+ (0.0-0.0) 
(100.0-85.0)-Fe^* (43.0-15.0) 
(100.0-85.0)-Cu2+ (60.0-40.0)-Th''+ (28.0-0.0) 
(85.0-75.0)-VO^+ (75.0-67.0)-Cu^+ (55.0-40.0) 
( 1 5 . 0 - 0 . 0 ) - A P + (50.0-25.0) 
(10.0-0.0)-AP+ (30.0-15.0) 
(17.0-0.0)-VO2+ (70.0-35.0) 
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TABLE 2 
Rf Values of Some Metal Ions on Impregnated Silica Gel Layers with Various Solvent Systems 
Metal 
ions 
Ni^ + 
Co^-^ 
Zn^ + 
Cd^^ 
Cu^-^ 
U0^+ 
VO^^ 
Fe'-^ 
Fe^+ 
Al^ + 
Th'' + 
So 
58 
61 
ND 
ND 
60 
61 
63 
64 
54 
ND 
14 
s, 
64 
95 
57 
57 
69 
67 
77 
68 
45 
ND 
00 
S2 
54 
67 
ND 
ND 
68 
65 
62 
50T 
65 
49 
15 
(100 
S3 
70T 
73 
76T 
78T 
79 
74 
72 
66 
66 
69 
10 
X Rp) values Solvent systems 
S4 S5 
75 75 
79 78 
86 75T 
90 75T 
73 71 
74 73 
71 75 
72 71 
45 68 
79 53 
20T 17T 
S6 
75 
73 
75T 
T 
67 
74 
85 
63 
68 
63 
17T 
S7 
75 
74 
75T 
75T 
60 
70 
74 
68 
65 
54 
13 
Ss 
73 
64 
75T 
T 
74 
70 
85 
78 
73 
53 
15 
S9 
60 
73 
55 
55 
— 
— 
68 
— 
63 
NC 
32T 
Sio 
76 
83 
95 
95 
— 
— 
90 
— 
83 
NC 
25 
Note. ND, not detected. T, tailed spots. (/?L - ^ T > 0-3)-
both adsorbents (A/?p = 0). Thus oxalic acid-impregnated SG layers are more 
selective (strongly sorbing) than plain SG layers for most of cations. Similarly in 
Si5 all cations except VO^* and Mn^^ were more strongly sorbed on A,. 
Comparison of mobilities of cations on Aj, A4, Ay, Ag, A9 in Sj is shown in Figs. 
2a and 2b. Generally Rj^ values were lower on oxalic acid-impregnated SG than on 
SG layers impregnated with other acids. Thus, a more selective sorbent phase for 
the TLC of cations may be produced by impregnating commercially available SG 
with aqueous oxalic acid. Co^ +, Cu^ +, UO^"", Fe' +, Hg^"", Hg^^, and Pb^+ gave 
compact spots (/?L - RT < 0.3) and Tl^ produced tailed spots (/?L - RT> 0.3) 
on A,, A4, and A7-A9 adsorbents. In the case of formic acid-impregnated SG 
layers (A9, A,o) few cations produced tailed spots. 
TABLE 3 
Spectrophotometric Determination of 10 (ig of Hg(II) in 10 ml, after Its TLC Separation from 
Variable Amounts of Hg^+, Pb^+, Ni^+ and Co^ + 
i?L ~ ^T values of separating metals 
Amount of foreign 
ion added (mg) 
Amount of Hg(II) 
recovered (jig) 
Hg^+ (OJS-l.Oy-Hgl* (0.0-0.0) 
Hg^^ (0.75-1.0)-Hgr (0.0-0.0) 
Hg^+ (0.65-1.0)-Hg|+ (0.0-0.0) 
Hg'+ (0.85-1.0)-Hg|+ (0.0-0.15) 
Hg^+ (0.65-1.0)-Pb^+ (0.0-0.15) 
Hg^+ (0.6-1.0)-Pb^+ (0.0-0.07) 
Hg^+ (0.65-1.0)-Pb2* (0.0-0.15) 
Hg^+ (0.8-1.0)-Ni2+ (0.0-0.1) 
Hg^+ (0.7-1.0)-Ni^+ (0.0-0.65) 
Hg^+ (0.8-1.0)-Cu2+ (0.0-0.08) 
Hg^+ (0.8-1.0)-Cu'+ (0.0-0.05) 
Hg^+ (0.7-0.95)-Cu'+ (0.0-0.07) 
Hg^+ (0.64-0.8)-Cu^+ (0.0-0.08) 
5 X 1 0 - ' 
1 X 10^^ 
2 X 10"^ 
5 X 10"^ 
0.5 
1.0 
10.0 
5 X 10" ' 
1.0 
5 X 1 0 - ' 
2 X 1 0 - ' 
5 X 1 0 - ' 
1.0 
9.6 
9.6 
9.5 
10.5 
9.8 
10.3 
9.6 
9.5 
10.0 
9.6 
9.5 
9.5 
10.5 
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TABLE 4 
Recovery of Hg^* from River and Industrial Wastewater Samples 
Sample 
River water 
Wastewater 
Amount of Hg^* 
loaded (ptg) 
5 
8 
10 
14 
5 
8 
10 
14 
Amount of Hg^ "^  
recovered ((jLg) 
4.5 
8.0 
9.5 
12.8 
5.5 
9.1 
10.4 
13.0 
Average Rp 
value 
0.95 
0.95 
The results of the mobiUty of cations obtained on A5 and A2 using S, as mobile 
phase are compared in Fig. 3. Hg|"^ and Hg^^ gave poorly tailed spots ranging 
from 0.5 to 0.9 on A5 whereas they gave well-formed spots on A2. Both sorbents 
(A2, A5) can be used for the separation of Th'*^ from UOz^^. 
The separation efficacy of acid-impregnated silica gel layers has been demon-
strated by achieving important separations using various solvent systems. A few 
separations are summarized in Table 1. In Table 2, (/?p x 100) values for some 
metal ions obtained on A2 with various solvent systems are tabulated. It is evident 
from Table 2 that cations move faster when chromatographed with mobile phases 
containing a higher proportion of FA. As a result we noted the maximum mobility 
in S4 compared to S^-Sj. AP"^, Zn^^, and Cd^^ could not be detected in SQ. 
In Sj-Sg (volumes of FA and water kept constant), no significant change in the 
Rp value of cations was observed. The colored spots of Ni^^ and Co^^ formed on 
chromatoplates with dimethylglyoxime become invisible a few seconds after their 
appearance. With Sg (acetone absent) and S,o (ethyl acetate absent), Cd^^ gave 
double spots (R^ = 0.0 and 0.55 with S9 and Rp = 0.0 and 0.45 with 8,0) while 
Th'*^ and Ag^ produce tailed spots in both solvents. Detection of AP^ was 
difficult. Zn^ + , V02+, Ni^^, and Fe^^ gave higher Rp in S,o than in S9. 
A, and A2 in combination with S, were found to be the most suitable system for 
the separation of Th**+ from U0|+ and Hg2"^  from Hg^" ,^ respectively. Because 
1 0 
f 0 8 
'^ 0-6 -
0-4 -
0-2 
0-0 
0-5 3 4 
pH — 
- O N 2+ 
-0 Cu2*, Pb2^ 
FIG. 4. Effect of pH on Rf values of metal ions. 
370 AJMAL ET AL. 
TABLE 5 
Physicochemical Analysis of 
River Water 
Temp (°C) 
pH 
Turbidity (NTU) 
EC (fxinhos) 
TSS 
TDS 
Acidity 
Total alkalinity 
Chloride 
Sulfate 
Phosphate 
Sodium 
Calcium 
Magnesium 
Dissolved oxygen 
BOD 
COD 
26 
8.3 
15.0 
130.0 
200.0 
110.5 
— 
85.0 
10.0 
3.0 
3.5 
4.0 
21.5 
8.0 
8.2 
2.8 
8.4 
Note. All units except temperature, 
pH, turbidity, and EC are expressed in 
milligrams per liter. 
of the environmental and technical importance of these separations, we tried to 
separate Hgf^ from Hg^^ and Th''^ from \iOl^ in the presence of common 
anions. It was noted that Hg^^ from Hgj^ and UOj"^ from Th'*^ can be success-
fully separated in the presence of COj^", NOf, NO3", C P , Br", I" , IO3", BrOj", 
CrjOl', and Cr20-,^- anions. The A/?F values for Hg "^" - Hgf+ and Th"*"" -
\]0\^ separations fall in the range 0.58-0.78 and 0.55-0.35, respectively, depend-
ing upon the nature of the anion present in the synthetic mixture of the cations 
concerned. Thus, this method may be applied to separate different valency states 
of mercury in river water and industrial wastewater, containing common anions. 
Furthermore the separation of Hg-^ ^ from Ni^ " ,^ Cu^^, and Pb^^ is possible over 
a wide range of pH values (pH 0.7-7.0) of the sample solution (Fig. 4). 
The results of the spectrophotometric determination of Hg^ ^  in river water and 
industrial wastewater (Table 4) showed a maximum error of ±10%. The repro-
ducibility was excellent. Thus the method developed may be safely recommended 
for semiquantitative determination of Hg^ "^  in various samples of river waters or 
,industrial wastewaters without prior detection of Cu^^, Pb^^, Ni^ "*^ , Zn^^, and 
mercurous ions as well as without close control of the pH of the sample solution. 
Table 5 summarizes the results of physicochemical analysis of river water. 
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